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ABSTRACT

INTERFACE DRIVEN DYNAMICS AND ASSEMBLY

SEPTEMBER 2017

WEI HONG
B.S., UNIVERSITY OF SCIENCE AND TECHOLOGY OF CHINA
MPhil, CHINESE UNIVERSITY OF HONG KONG
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Anthony D. Dinsmore

Interfaces between two substances (e.g., gas / liquid, liquid / liquid) are ubiquitous
in nature and industry. In this project, we study two important aspects of interface: interface
driven dynamics and assembly. In the area of interface driven dynamics, we conduct
experiments to study how interfacial capillarity drives flow of wax inside paper under
controlled temperature and pressure. The findings lead to the ability to manufacture highresolution paper-based microfluidic devices. In the area of interface driven assembly, we
study how to tune interfacial electrostatic potential and how this potential can enhance or
suppress colloidal particle assembly to the interface. We conduct experiments to
systematically study effects of electrolytes on particle adsorption and desorption from the

v

interface. We also demonstrate pragmatic approaches to make Pickering emulsions through
enhanced adsorption of anionic, hydrophilic colloidal particles by tuning the electrostatic
potential at the interface. This has potential to broaden the range of materials that can be
used to create solid-stabilized (Pickering) emulsions and to create new materials with
complex jammed structure.
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CHAPTER 1
INTRODUCTION
1.1 Interface driven dynamics
Interfaces between two substances (e.g., gas / liquid, liquid / liquid) are ubiquitous
in nature and industry. They have unique properties that have inspired many research
interests. We are interested in studying interface driven dynamics, especially interfacial
capillarity of liquid in porous media, which recently finds its importance in making
microfluidics devices5,6,7,8,9,10,11. We are also interested in interfacial assembly of
nanoparticles caused by tuning electrostatic potential on the interface. The findings can
lead us to revealing new physics as well as inventing novel microfluidic devices5a.
To study the interfacial capillarity in porous media, we use wax and paper as the
model system. We choose to study this system primarily because of two reasons: (1) it is
one of the simplest system in which we can conduct control experiment to study the
interaction between porous media and liquid. Paper is an artificial complex fiber network12.
It is a material that we encounter almost everywhere in life. It has some unique physical
properties. Thin paper is a two-dimensional random system, which is an ideal model system
to study 2D porous media. The porous structure makes it a good material to imbibe liquid,
including molten wax. Paper can also be compressed and easily bent and folded. (2) The
recent development of paper-based diagnostics5a-13 suggests that paper and wax can be used
to make low-cost, capillary driven microfluidics devices. Devices are compatible with
various kinds of chemical / biochemical / medical applications and can be used for
colorimetric detection14, electrochemical detection15, chemiluminescence detection16, etc.
Studies show that wax can form hydrophobic walls in paper, which can be used as building
1

blocks for paper-based microfluidics device. Adding wax into paper gives us an extra
dimension to think about new applications.
Besides the application, interaction between phase changing material (wax) and

Figure 1. The paper-based diagnostic devices made using wax printing. Image from
Martinez, et al, Lab On a Chip 2010, 10 (19), 2499-5044

porous media (paper) also raises interesting fundamental questions. Wax spreading in
paper is essentially an interface driven process. We want to ask the following questions:
(1) How wax spreads in three dimensions inside paper under controlled temperature and
pressure, where the viscosity of the wax varies as a strong function of the temperature. The
2

practical goal of this work is to find a method to print wax and have it fully penetrate paper
while retaining finely resolved features. (2) How wax acts as adhesion between separate
sheets of paper, which involves a competition between the penetration of wax into the paper
on which it is printed vs. the rate of penetration into the adjacent sheet of paper. The answer
can in turn help us find novel methods to fabricate high resolution paper-based diagnostics
device.
Discussion of the spreading of molten wax or other fluids in paper often begins
with Lucas-Washburn’s equation. Lucas-Washburn’s equation (which is hereafter referred
to as Washburn’s equation, as is common in the literature) was derived in the context of
capillary-driven flow of liquid in cylindrical capillaries. The equation predicts that the
distance (L) that a spreading liquid front moves during elapsed time t is17:
AB =

DE B + 25EHIJK
6
4(

Where the liquid has viscosity η and surface tension γ and penetrates a porous material
with a geometric pore radius r; θ is the contact angle between capillary wall and liquid.
This equation was derived in the context of fluid flow inside long cylindrical channels.
We going to show the application and limitation of the Washburn’s equation in
explaining the wax-paper interactions.

3

1.2 Interface driven assembly

Figure 2. (a) Coalesce of two oil droplets in water (b) Solid particles prevent oil
droplets in water from coalescing.
The second half of the thesis covers colloidal particles assembly at liquid/liquid
interfaces. Assembly of particles in liquid suspension has driven lots of interest because of
its potential to create new materials and structures. One of the importance usages is to form
particle stabilized emulsions. In everyday life. An emulsion is a mixture of two immiscible
fluids. There are various types of emulsions: milk, espresso, paint, etc.

However

immiscible liquids like water and oil, will tend to phase separate after mixing. If solid
particles binds to the interface of the immiscible liquid, they can form a barrier that prevents
droplet from coalescing. Therefore the emulsion can be stabilized.18,19 Emulsions that are
stabilized by solid particles are called “Pickering” emulsions, named after the author of an
early report on this phenomenon20.

4

Recently, it was reported that particle assembly can be used to form novel
structures. By fusing latex particles at the interface of emulsion droplets, a new form of
particle called colloidosomes was developed1. The colloidosomes are microcapsules whose
shells are elastic and consist of coagulated or fused colloidal particle, as shown in Figure
3. They allow a great degree of control on the shell permeability and elasticity by varying

Figure 3. (A) Scanning electron microscope of a dried, 10 µm diamester
colloidosome composed of 0.9-µm-diameter polystyrene spheres, sintered at 105°C
for 5 min. The colloidosome was formed with an oil droplet, containing 50 vol%
vegetable oil and 50 vol% toluene. The water phase contained 50 vol% glycerol to
increase its boiling temperature to allow the sintering. (B and C) Close-ups of (A) and
(B), respectively. Images from Dinsmore, et al., Science, 2002, 298 (5595), 1006-91
either the size of colloidal particles or the degree of fusing. These structures show great
potential for cellular immunoisolation.
Furthermore, a recently proposed new material called Bijel is also based on the
emulsion method21,. The Bijel is inspired by computer simulations, it’s a bi-continuous
network of two immiscible liquids stabilized with jammed particles. It has lots of potential
applications, for instance micro-reactors, due to the large interface areas it can create. A
5

rapid mechanism of phase separation called spinodal decomposition can be used to create
a convoluted arrangement of bi-continuous interfaces. Liquid-liquid interfaces can be
stabilized by exploiting the fact that solid particles can be irreversibly trapped at the
interfaces. Once trapped, the presence of the particles demands a minimum interface area

Figure 4. A snapshot from a 3D Bijel simulation: Self-assembly of particles (green) at
the interface between tow phase separating immiscible fluids (shaded in red and blue)
stabilizes the structure, Image from Jansen, et al., Physical review. E, 2011, 83 (4 Pt 2),
0467073
between the two liquids. If the particles are jammed against each other this result in the
stabilization of the liquid-liquid interfaces. To stabilize convoluted, bi-continuous
interfaces in this way the particles must be able to concurrently stabilize two types of
curvatures.

6

All the emulsion based method requires to assemble solid particles at the interface.
It is important to study the types of forces that drives particles to the liquid interfaces.
Without considering any external forces, solid particles can spontaneously bind the
interface since it is a preferable state corresponding to the minimum in the interfacial
energy if the particle can wet both kinds of liquids. Other driving forces include (a) electric
double layer force (b) Van der Waals force (c) electrostatic image force, as shown in Figure
5. Some of the colloidal self-assembly are achieved by engineering the surface of the
particle to make it either hydrophobic22 or even amphiphilic. Since most of particles are
charged in the aqueous phase, there are also methods that use an externally applied electric
field to direct particle assembly23. In this thesis, we report a method that does not lean on

Figure 5. Schematic illustration of external forces exerted on the charged particles near
the oil / water interface. Image from Wang, et al., The Journal of Physical Chemistry
Letters 2012, 3 (20), 2986-29902

7

external fields or engineering the surface groups on the particles, but relies on tuning the
electric double layer to enhance or suppress charged particles binding. The method is
reversible by addition of a pair of electrolyte. Furthermore, it opens the door to using a
large class of industrially relevant particles (silica, clays and other metal oxides) without
surface modification.
1.3 Thesis outline
In the following context, the first half (Chapter 2 and 3) devotes to interfacial driven
dynamics. In Chapter 2, we study the spreading of wax under controlled temperature and
pressure. We demonstrate an apparatus that originates form the fusing step of a Xerox solid
ink printer. It can heat and press the substrates at the same time. We systematically study
how pressure and temperature affect the wax spreading in the paper. We find the
temperature dependence can be explained by Washburn’s equation with effective
temperature, however the pressure is not Washburn like. We use the learned physics to
fabricate high resolution paper diagnostic devices.
In Chapter 3, we measure wax adhesion between paper substrates made using an
apparatus called stack press under different temperature and pressure. We find wax
adhesion can be used to fabricate adhesive-free three dimensional paper diagnostic devices.
We also demonstrate the functionality of prototype device through multiplexing
biochemical tests.
The second half (Chapter 4 and 5) covers the interfacial driven assembly. In
Chapter 4, we demonstrate that adding sodium perchlorate into the aqueous phase can
enhance or suppress the binding of charged nanoparticles on the water / dichloromethane
interface. We find that higher concentration of electrolyte can enhance the binding of Au8

TTMA nanoparticles which are cationic. However higher concentration of electrolyte
suppresses the binding of Au-Citrate nanoparticles which are anionic. The adsorption /
desorption of nanoparticles are measured through pendant droplet tensiometry.
Furthermore, both process show two-stage dynamics, which is a rapid drop in interfacial
tension in short term (< 100s) followed by a slower relaxation in the long term. We attribute
the selective binding to the ion partitioning of the electrolyte.
In Chapter 5, we further study the effects of addition of electrolyte on adsorption
or desorption of particles on the water / oil interface. We use the electrolyte TBAP which
has a cation that does not dissolve in the aqueous phase and anion that can partition at both
oil / water phase. We demonstrate that the addition of TBAP can enhance the adsorption
of plain silica particles which are anionic and reportedly not in favor of binding to the
interface. We use the method to make stable emulsion of 1,2-dichloroethane in water
stabilized by silica particles. We also show that the emulsification is irreversible if we add
sodium perchlorate to the aqueous phase.
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CHAPTER 2
WAX SPREADING IN PAPER UNDER CONTROLLED PRESSURE AND
TEMPERATURE AND APPLICATION IN FLUIDIC DEVICES
2.1 Introduction
2.1.1 Background
Wax printed “paper-based diagnostics” originated from the first demonstration, less
than a decade ago, that miniature chemical assay devices could be made inexpensively and
at large scale using available paper and printing technology. This demonstration and
subsequent work have made wax-printed devices an active and very promising research
area in the field of biosensors. The process uses wax printing to form hydrophobic barriers
(wax) on hydrophilic substrates (filter paper). The barriers segment the paper and form
channels, junction, valves, reservoirs, and reaction chambers for microfluidic paper-based
analytical devices (called “µPADs”13 by Martinez, et al.). Compared to traditional
microfluidic devices, paper-based devices have a few advantages, as pointed out in recent
review articles. (1) Because low cost materials are used, mainly wax and paper, the price
per device is negligible compared to traditional glass-based microfluidic devices. (2) They
are simple and straightforward to fabricate. The entire process from design to final device
can be done with readily available equipment of modest cost. (3) Devices are compatible
with various kinds of chemical/biochemical/medical applications and can be used for
colorimetric detection,24 electrochemical detection25, chemiluminescence detection26, etc.
(4) Easy to dispose of, the devices can be simply burnt after use. Therefore, these devices
are finding many applications including food quality testing, environment monitoring and
health diagnostics.
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In recent years, numerous papers have been published in this field, most of which either
represent development of new fabrication methods or new applications. Recent
publications have explored the use of parafilm27, polystyrene28, wax-dipping29, waxscreening printing30, inkjet printing14,31 and stamping27 to form hydrophobic patterns on
paper. However, the most widely used method is the method reported by Carrilho, Martinez
and Whitesides, owing to its advantages in speed and convenience. This wax patterning
technique requires two steps: (1) print wax on the surface of the paper and (2) spread the
wax in a convection oven or on a hot plate. The wax spreads in both the thickness and
lateral directions. The spreading technique in this method has no direct control of the lateral
spreading; therefore, in order to achieve a thorough depth penetration, one has to let the
wax spread to a considerable amount in the lateral direction, which limits the resolution of
the resulting features and also limits the number of assays that can be printed on a device.
It was reported that 300 µm is the minimum width of printed wax in order to penetrate the
paper (Whatman Grade 114, with thickness of 190 µm). The resulting barrier width after
spreading is 850 ± 50µm. Furthermore, post-processing the device in an oven takes 2
minutes, which slows down the fabrication process and may make it impractical to be
integrated into a rapid roll-to-roll mass-manufacturing process.
In this chapter, we demonstrate an apparatus that rapidly creates high-quality, narrow
patterns while assuring full penetration of the hydrophobic barrier into the paper. Our
process is based on the fusing process, as in a wax-ink printer, in which the paper is heated
and pressurized. To the best of our knowledge our work is the first systematic study of the
effect of temperature and pressure on wax spreading in paper based devices. We found that
the applied temperature and pressure are the key control parameters that allowed us to
11

optimize the device resolution and to achieve results that are notably superior to heating in
an oven or a hot plate. The effects of temperature and pressure on the spreading of the wax
lines were measured and compared to the theory of Washburn. In addition, the conditions
in filter papers with different retained particle size and thickness were tested to further
explore new dimensions of this problem. These results could lead to the fabrication of high
resolution paper-based diagnostics devices using a scalable roll-to-roll system. These
devices should also be compatible with lamination for additional strength26,32.
2.1.2 Theoretical preparation
The understanding of the spreading of molten wax or other fluids in paper often begins
with Washburn’s equation. Washburn’s equation was derived in the context of capillarydriven flow of liquid in cylindrical capillaries17. More recently, it has been applied to
describe capillary flow in fiber-based porous systems such as paper-based devices. The
equation predicts that the distance (L) that a spreading liquid front moves during elapsed
time t is:
AB =

LM N OBPMQRST
UV

6

Where the liquid has viscosity η and surface tension γ and penetrates a porous material with
a geometric pore radius r; θ is the contact angle between the capillary wall and the liquid.
The term “pore size” was defined as the radius of a capillary tube in the original context.
However, in paper fiber networks, the pores are not cylindrical and are highly
interconnected, so that the definition of pore size is empirical. To understand the physical
roles of the two terms in the equation, it is important to note that there are at least two
different (and competing) physical lengths that arise in the Washburn equation: the size
that sets the confinement of the fluid and therefore the resistance to flow, and the size that
12

sets the curvature of the air-liquid interface and therefore the Laplace pressure that drives
flow (which corresponds the second term in the above equation). This distinction is most
easily seen if the Washburn result is derived from Darcy’s Law, where we note that the
permeability has units of area and the pressure includes a capillary term that depends on
the mean curvature of the fluid interface. We rewrite the Washburn equation to clarify the
two physically distinct lengths in this way:
B
DWXYZ[
+ 5W\XX
A =
6
4(
B

where Dflow is an effective size that represents resistance to flow within the fibrous network
(permeability ∝ Dflow2). The effective pore diameter, Deff, accounts for the mean curvature
Hof the fluid interface multiplied by the permeability. The tortuosity33, which describes the
connectivity and meandering of the pores are included in both Dflow and Deff. As will be
described below, we measured Deff by a controlled flow experiment. In the following
section, we will refer to a third characteristic size: the largest retained particle size, which
is listed as a specification for each paper. We call this length Dr.
Washburn’s equation was derived in the context of one-dimensional flow, as in a
capillary tube or a liquid/gas front that moves along one dimension. Experiments have
shown that the L ∝ 6 scaling also applies to flow inside paper through a channel of
uniform width and thickness, with an unlimited fluid source.34 In our system, however, the
wax spread not only on the surface of the paper but also into the depth direction. We
addressed this point with experiments and showed that the L ∝ 6 still applies (Section
3.2).
The work has been submitted to Langmuir.35 Two patents are granted36,37.
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2.2. Experimental
2.2.1 Material and sample preparation
Three kinds of Whatman filter paper were used: Grade 114 (thickness 190 µm, retained
particle size Dr = 25 µm), Grade 93 (thickness 145 µm, Dr = 10 µm) and Grade 1575
(thickness 140 µm, Dr = 2 µm). (We emphasize here and below that the reported retained
particle size Dr is not a direct measurement of the pore sizes that appear in Washburn’s
equation.) A Xerox printer (ColorQube 8860) was used to print black wax ink (Xerox solid
ink 108R00749) on the paper. The ink was made of a mixture of hydrophobic carbamates,
hydrocarbons and dyes. In order to provide sufficient amount of ink for penetration through
the full thickness of the paper, the printer was programmed by postscript commands to
overlay four layers of ink. Each printed page contained 29 printed lines, each 3.65 cm long
× 0.03 cm wide, as shown in Figure 6 After printing, the wax ink lay on one side of the
paper and did not spread or penetrate into the paper. Because of the limited accuracy of the
printer, the initial widths of these lines varied.
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We used approximately 100 pages as the starting materials for our experiments (i.e.,
these were subjected to the fusing process). These 100 pages were selected from a larger
set of printed pages on the basis of uniformity of the widths of the printed lines (< 3%
variation). This procedure gave us a well-defined starting condition prior to the fusing

Figure 6. An example of the printed page which contains 29 printed lines, each 3.65
cm long × 0.03 cm wide.
process. The pages that did not meet our uniformity criterion were not subjected to the
fusing process.

2.2.2 Apparatus
In order to force the wax to penetrate the paper, a setup was built to carry out the fusing
process with controlled temperature and pressure on the paper. The setup was a modified
fusing apparatus. Figure 7 illustrates the design: a stainless steel drum was driven by a
motor which had a gear box that controlled the speed of paper feed. The speed was set at 1
inch per second for these experiments. The drum was engaged from below with a rubbercoated steel roller. As the drum rotated clockwise, the roller rotated counter-clockwise
15

because of friction. The junction between drum and roller when they were engaged is called

Figure 7. (a) Picture of the fusing setup. The drum was heated with two lamps located at
the center. Two pressure cells were attached to the roller. When engaged, the roller was
pushed against the drum. The drum was driven by a motor to rotate clockwise and the roller
rotated counter-clockwise when engaged with the drum. (b) Schematic of functional parts.
(c) When fed into the nip (space between drum and roller), the non-printed side of the filter
paper faced the drum. The printed side faced a paper substrate. The drum was heated to
temperature #$ , while the roller was maintained at around TR = 36 oC. The temperature on
the printed surface of the filter paper is denoted as # ∗ .
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the nip. The drum was hollow and contained two heating lamps at its center, which heated
the drum’s surface to a defined temperature, called TD. The drum temperature TD was
varied between 75 °C and 110 °C. The temperature of the roller (TR) was stabilized at
approximately 36 °C when disengaged from the drum. To apply the pressure P, two
pressure cells were fastened symmetrically at the ends of the roller.
The paper fed into the nip was heated by the drum on the back (non-printed side) while
being compressed. The front side, with ink, faced the roller. In order to avoid ink residues
on the roller, we fed the printed paper along with a carrier substrate (Xerox colortech+
120g) between the printed paper and roller (Fig 2.2). The substrate had very low porosity
to avoid adsorbing wax. It was cut into a slightly wider shape than the filter paper.
The force applied by the pressure cells was known. To obtain the nip pressure, P,
applied to the paper by the drum and roller, we measured the contact area in the nip. For
this purpose, we replaced the filter paper with a pressure-sensitive film (Fujifilm low
pressure measurement film Prescale LW R270 12M 1-E). This nip width varied as a
function of the applied force. For each case, however, the pressure was found by dividing
the known force by the measured area.
A reflective optical microscope with mounted CCD camera (QImaging Retiga - 2000R)
was used to visualize the wax spreading on the front, back and cross-section of the filter
paper. For the front and back, a 5× magnification objective was used. For the cross-section,
a 10× magnification objective was used and the paper was dyed with blue ink to enhance
the contrast.
For quantitative measurements of the spreading of wax after passing through the fusing
setup, the paper samples were scanned (Microtek ScanMaker 8900XL) at a resolution of
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3200 dpi. All paper samples were scanned under the same settings. Then the 8-bit grayscale
images were preprocessed with ImageJ38 and the intensity information was then extracted
using MATLAB.
Control experiments were done to characterize the rate of liquid flow in the paper. To
quantify the pore sizes of our filter paper, we measured the spreading of an aqueous dye
solution through a 0.5-inch-wide filter paper strip. The motion was captured on video, then
the (L) of the spreading liquid front was tracked. The square of the spreading distance was
plotted against elapsed time t and a linear scaling was found, as predicted by the Washburn
equation when P = 0: L2 = gDeff t /(4h). From a linear fit to L2(t), we found a slope of
0.07cm2/s for Whatman 114 paper (Dr = 25 µm) and 0.028 cm2/s for Whatman 93 paper
(Dr = 10 µm). Given the surface tension and viscosity of water (γ = 70 mN/m, η = 1 mPa·s
at room temperature), we extracted the effective pore sizes as Deff = 0.4 µm for Whatman
114 (DM =25 µm) and Deff = 0.16 µm for Whatman 93 (DM = 10 µm).
In separate experiments, we monitored the spreading of a clear, non-volatile oil
(squalane, C30H62) to determine the effective pore size for a nonpolar oil. The result for the
Whatman 114 paper was Deff = 2.9 µm. This result shows that oil moves slower in a given
time than water does, by a factor of about 0.8, however the effective pore size differs by 7
times. We attribute this difference to the swelling of the paper fibers by water. Because
squalane is a non-polar hydrocarbon, its surface tension g and its tendency to swell the
paper fibers should be more similar to wax than water is. In the experiments described in
Section 2.3.2 below, we therefore use squalane to compare to wax.
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2.3. Result and Discussion
We begin with images and a qualitative description of the appearance of the printed
lines from the front and back sides, showing how the wax lines fully penetrated the paper
with minimal spreading in the lateral direction. These results show that significantly higher
resolution devices can be fabricated at optimal drum temperature and pressure compared
to the devices fabricated by the conventional oven method. We then provide a quantitative
analysis of the spreading in the lateral direction, comparing our measurements of line
widths and wax viscosity to the Washburn equation for varying drum temperature and
pressure. Finally, we discuss the spreading of the wax in the thickness direction and
characterize the uniformity of the wax penetration on the back surface of the paper.
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2.3.1 Images of wax spreading for fabrication of high resolution devices

Figure 8. (a) Reflection microscopy images of the sample front after fusing at various
TD and P. The wax reflected light before melting, then turned black when it melted and
penetrated into the paper (below the red dashed line). (b) Reflection microscopy images
of the sample back after fusing at various TD and P. The samples at low TD and P had
no visible penetration and are not shown. The dashed line suggests the
temperature/pressure conditions, beyond which the wax penetrated to the back. (c)
Reflective microscopy images of the sample cross-sections under various TD and P. The
paper fibers were dyed blue to enhance the contrast. The dashed line suggests the
temperature/pressure, beyond which the wax fully penetrated to the back. The double
arrow indicates the thickness of the paper.

To give a qualitative view of how wax ink melts and spreads in the paper, we display
optical microscopy images of the samples under various drum temperatures and pressures
(TD, P) (Figure
8). Figures 8a and 8b show the front and back sides of Whatman 114 filter paper (Dr = 25
µm) under reflected light. On the front side (Figure 8(a)), the ink reflected light and
showed a golden color at low TD and P.
After melting and penetrating the paper at higher (TD, P), the line appeared black. As TD
approached 93 °C or higher, the printed lines became broader owing to lateral spreading of
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the wax ink. On the back side (Figure 8b), black wax was only seen clearly when TD ³ 81
°C and it became a distinct black line when TD and P reached approximately 89 °C and >
30 kPa. At still higher (TD, P) lateral spreading was seen on the back side (e.g., at 93 °C).
The cross-section images (Figure 8c) show a similar trend: the wax penetrated the paper at
elevated (TD, P), consistent with the back-side images (Figure 8b). Lateral spreading of the
ink was visible when TD ³ 89 °C and P > 30 kPa.
The filter paper was compressed under high pressure. As measured from the images
(Figure 8c), the paper thickness at 46 kPa for the highest three temperatures was
approximately 164-181 µm. The paper thickness at 51 kPa for the same three temperatures
was 140-145µm. On average, therefore, the thickness decreased by approximately 18%.
This compression will be discussed in later sections.
A key finding from these images is that when TD and P are in an optimal range (roughly
89 °C and 31-46 kPa), the wax ink penetrated to the back side without significant
broadening in the lateral direction, which is the key to making high-resolution paper
devices.
The qualitative improvement obtained by fusing at elevated TD and P can also be observed
by comparing the result to the same printed page after heating in an oven, as shown in
Figure 9. The sharper features and better penetration quality were found with the heating
and pressure process compared to the oven heating process.
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2.3.2 Justification of Washburn’s equation to describe wax spreading.
Washburn’s equation describes one-dimensional flow in a capillary tube or in a long,
three-dimensional porous channel of consistent width and thickness. Here, however, we
consider long lines of wax that spread in two directions at once: laterally (widening the
printed line) and also into the depth of the paper (Figure 9). To determine whether
Washburn’s equation applies to the spreading of these printed wax lines, we investigated

Figure 9. (a) Front and (c) back sides of the device made by heating in oven for 2
minutes at 150 ℃ after printing. (b) Front and (d) back of the device made by our
apparatus with TD= 100 ℃ and P = 49 kPa. Whatman paper Grade 114 was used for
this demonstration.
the spreading of oil in a similar geometry that was larger by a factor of 60.
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To mimic a segment of the printed wax line, we constructed a 20 mm × 10 mm
rectangular pad from a folded paper towel that was then soaked in squalane. We laid this
squalane source on a piece of filter paper that was cut to mimic the paper in the wax
experiment. Figure 10a shows an image of the cross-section of the paper with the printed

Figure 10. Spreading dynamics of oil in a configuration that mimics wax-line spreading.
(a) Image of the paper cross-section, showing how the wax spreads along two directions.
(b) An experiment with similar geometry, in which a squalane spreads from a source
that mimics the wax spot. LW and LZ are spreading distances corresponding to the width
and thickness directions of the wax experiments, measured at the points shown by
arrows. (c) In a control experiment, the squalane spreads along a one-dimensional
channel over a distance Lc. (d) Plots of LW, LZ, and Lc over time. The inset shows the
same data on a log scale with a reference line of slope ½.
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wax (black), while Figure 10b shows the corresponding setup for the squalane spreading
experiment. The latter is larger by 60× but the relative sizes are very similar in these two
experiments so that the power-law dependence on time can be compared.
The spreading distance of the squalane was measured over time in both the lateral
(width, LW) and depth (Lz) directions. Figure 10d shows that LW and Lz were
indistinguishable from one another and both grew as t1/2. A control experiment was done
using the same squalane-soaked pad on top of filter paper in the standard rectangularchannel geometry. The measured spreading along the channel direction (Lc) again scaled
as t1/2 and was indistinguishable from LW and Lz. These results show empirically that, even
though the wax-spreading geometry was not strictly one-dimensional, the growth of the
front-side width and the thickness may both be treated as effectively one dimensional and
they obey Washburn’s equation.
From a linear fit to L2(t), we found a slope of 5.6×10bc cm2/s for Whatman 114 paper
(Dr = 25 µm). Given the surface tension and viscosity of squalane (γ = 28.15 mN/m, η =
35.8 mPa·s at room temperature), we extracted the effective pore size for squalane
spreading, Deff = 2.9 µm.

2.3.3 Characteristic spreading length
The effects of both temperature and pressure were studied on the lateral spreading
of wax on the front side of the paper substrate. High-resolution scanned images of the paper
samples were inverted to obtain intensity profiles as shown in Figure 11a. The intensity
was then averaged along the length of the line, which resulted in a one-dimensional plot of
intensity across the line (Figure 11b). Additional plots for other TD and P are given in the
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supplementary materials. At low drum temperature TD, the front-side profile was smoothly
peaked near the center of the wax strip (Figure 11b). At higher TD, the profile widened and
the peak value decreased (Figure 12). In Figures 12 and 13, we show the intensity profiles
of the printed and fused wax lines. These curves were used to calculate the widths as

Figure 11. (a) Inverted intensity of the wax ink on the paper surface (0=white, 255=black).
TD = 75°C and P = 20 kPa. (b) The intensity profile is averaged along the ridge to obtain a
one-dimensional profile. Multiple averaged profiles from the same page are overlaid.
described in the main text. Figure 12 shows the profiles on the front side of the paper and
Figure 13 shows the profiles on the back side.
To quantify the widening, we defined the averaged width as d as the intensityweighted root-mean-square width of the intensity profile I(x):
d=

ge

f (fbf)N
g e(f)

.

When calculating the width, the intensity of the flat tail was subtracted to eliminate the
background noise. The width was calculated on both the back and front of the sample over
various types of paper and under various pressure and temperature conditions.
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Figure 12. Averaged intensity profiles on the sample back after fusing under different
temperature and different pressure (a) 20 kPa (b) 35 kPa (c) 42 kPa (d) 49 kPa. The
intensity is inverted. (0=white, 255=black).
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Figure 13. Averaged intensity profiles on the sample front after fusing under different
TD and P (a) 20 kPa (b) 35 kPa (c) 42 kPa (d) 49 kPa. The intensity is inverted
(0=white, 255=black).
2.3.4 Role of temperature on the lateral spreading of wax.
Figure 14 shows a plot of line widths d on the front side as a function of TD for
different P. This plot shows a monotonic trend, in which the wax spread more at higher
TD, as expected from Figure 8. Intuitively, one expects the wax to flow more rapidly as it
passes through the nip at higher TD because of its lower viscosity. For comparison, Figure
14b shows h

-1/2

, where h is the viscosity of the wax as a function of the sample temperature

and was obtained from a bulk rheology measurement. The measurement was conducted
with an oscillatory frequency of 1 Hz. (This frequency is approximately the inverse of the
time interval in which the paper is subjected to pressure and heating.) Here, h is the root
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mean square of the loss and storage moduli. The trend of h

-1/2

was similar to the

temperature dependence of the width d , as expected qualitatively from Washburn’s
equation.
To compare our data to Washburn’s equation, we must find the temperature at the
location of the wax (the front side of the paper). However, the temperature there might be
less than TD owing to the difference in temperatures of the drum and roller (TR = 36 °C).
We denoted the temperature at the front side of the paper as T*. We assumed a linear
temperature profile from roller to drum, which would be correct if the temperature profile
reached a steady state during the approximately 1 second that a given region of the paper
remained between drum and roller. Within this linear assumption, T* can be written in
terms of a dimensionless quantity a by the equation T* = TR+a(TD -TR). If α =0, then T*
=TR; if α =1, then T* =TD.
The data were fit with the function
∆d =

i
V(j ∗ )

,
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Dr, retained
particle size
(µm)
2

20kPa

C (µm ·Pa½·s½)
35kPa 42kPa

,
49kPa

20kPa

35kPa

42kPa

49kPa

Thickness
(µm)

14

13

13

12

0.95

0.98

0.99

0.995

140

10

13

12

12

12

0.96

0.995

1

1

145

25

9.8

9.8

9.8

9.8

0.93

0.98

0.99

1

190

Table 1. Fitting parameters for all three kinds of filter paper. The papers are
Whatman Grade 1575, 93, and 114, respectively.
where ∆d is the change of spreading width, calculated by subtracting the original (asprinted, unfused) average width. The parameters C and a were varied. The results of the
fit are shown in Figure 15 and the best-fit parameters are listed in Table 1. For the Whatman
114 paper with retained-particle size Dr =25 µm, we obtained reasonable fits with C
approximately 10 µm·Pa½·s½. We found that a = 0.93 for the lowest P and increased to 1
for the highest P, indicating that the front-side temperature T* became closer to TD with
increasing pressure. The C value can be compared to the prediction of Washburn’s equation
if we neglect pressure: ' =

5W\XX 6/2. From the oil-flow experiment described in the

experimental section, we extracted an effective pore size Deff = 2.9 µm. Given the drum

Figure 14. (a) Extracted widths from averaged front profiles. The widths change over
-0.5
temperature. (b) h , where h is the complex viscosity measured with increasing
temperature.
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Figure 15. Fits of the width increment to the function ' ⁄k((# ∗ ) . # ∗ is the effective
temperature at the sample front, T* = TR+a(TD -TR). C was set to 9.8 µm·Pa½·s½ and , was
set to (a) 0.93 when P = 20 kPa; (b) 0.98 when P = 35kPa; (c) 0.99 when P = 42 kPa; (d)
and 1.0 when P = 49 kPa.
speed and nip area, we estimate t = 0.38s. Assuming the wax surface tension g = 30 mN/m
(a typical value for nonpolar fluids), we estimate a numerical value of C = 91 µm ·Pa½·s½.
This result is larger than the best-fit value by a factor of roughly 9. Given the
approximations, however, the agreement with the fitted C value is reasonable. We therefore
conclude that the dependence of front-side line width can be explained using Washburn’s
equation, where the temperature at the front-side of the paper was equal to or slightly below
TD. We suspect that temperature gradient across the paper is important for obtaining the
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rapid depth penetration and thereby achieving high resolution devices, but this point needs
further exploration in the future.

2.3.5 Role of pressure on the lateral spreading of wax
We now turn to the role of applied pressure P, and compare the experimental data to
Washburn’s equation. From the experimental data, the best fit of C was nearly independent
of pressure and indeed might even decrease with P (Table 1). However, based on
Washburn’s argument, C contains two force terms: PDflow2 and gDeff (which account for
external pressure and capillary pressure, as described in the background section).
Therefore, C should grow with P. To see which of these two terms should dominate, it is
useful to compare their magnitudes. The characteristic length describing the flow friction,
Dflow, was not known for these filter papers. However, a rough estimate can be obtained by
assuming that the geometric pore diameter was equal to Dr, the retained-particle size of the
paper. From this assumption, it followed that Dflow = ½(Deff Dr/cosq)1/2, where K is the
contact angle.39 The contact angle was unknown and difficult to measure, given the
complicated geometry and surface chemistry of the paper fiber. However, by setting
cosq = 1, a lower bound of Dflow is found, which was approximately 1.5 µm. At P = 40
kPa, the estimated force PDflow2 would then be at least 9×10-8 N. Meanwhile, the capillary
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Figure 16. Measured front-side width (symbols) and fit (lines, α = 1) to ' ⁄k((# ∗ ) for
filter papers with retained particle size (a)10 µm (Whatman 93) and (b) 2 µm (Whatman
1575).
contribution was gDeff = 8.7×10-8 N, which was comparable to the pressure term. However,
from the experimental data, the C value did not increase with pressure. Therefore, we
concluded that the pressure response in our experiment was not Washburn-like.
Instead, we propose that the major role of pressure was to compress the filter paper,
thereby shortening the distance that the wax must flow in the thickness direction and also
increasing the a value. It was noted from Figure 8c that the paper was compressed by
nearly 20% at the highest P. Furthermore, it was found that the best-fit a ranged from 0.93
to 1.0 and increased monotonically with pressure, which we attributed to compression of
the paper so that the front side became closer to the heated drum. We propose that the
effective pore size might also decrease under pressure (as reported previously40), which
would compensate for the increasing pressure so as to maintain a nearly constant value of
C.
This analysis was repeated using filter papers with retained-particle size of 10 µm and
2 µm, as shown in Figure 16 and Table 1. In all cases, it was found that the temperature32

dependence of the width scaled well with the temperature-dependence of wax viscosity.
The best fit values C were approximately independent of P and α increased with P, as in
the example discussed above.
Therefore, we rewrite the modified Washburn’s equation as follows:
AB =

5W\XX
6
4((# ∗ (D))

Where P determinesa in the linear temperature profile T* = TR+a(TD -TR). Although the
qualitative trend of a with P is attributed to compression of the paper, a full explanation
needs further exploration.

2.3.6 Lateral spreading on the back side.
We now turn to the lateral spreading of wax on the back side of the paper. Ultimately
the penetration quality of the wax on the backside of the paper is critical for fabrication of
high resolution lines and patterns.
Figure 17 shows the intensity of the printed wax lines as seen from the back side in
reflected light. On the back, the intensity profile showed the appearance of ink even at low
TD. This result can be explained by the fact that the light that enters the paper at the back
side can penetrate to the front, where it is absorbed. Treating the propagation of light in the
paper as a diffusive random walk (as appropriate for opaque, non-absorbing material),41
one can approximate the loss of light via absorption as proportional to 1/(h-Dz), where h is
the paper thickness and Dz is the depth to which the wax has penetrated. As TD and P
increased, the wax penetrated further into the paper so that more light was absorbed and
the peak gray scale value increased.
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As the temperature increased, more ink penetrated to the back at a given drum speed.
This was consistent with Figure 8b, which showed dots or patches of wax at low TD and
then connected, distinct lines at high TD or P. The peak intensity of Figure 17 quantifies
this trend: it grew with temperature or pressure increment for all three kinds of papers. The
growth slowed at high temperature or pressure and saturated as for the #1575 paper. This

Figure 17. Peak intensity of the back profiles over different temperature and pressure
for paper with Dr equal to (a) 25 µm (Whatman 114), (b) 10 µm (Whatman 93), and
(c) 2 µm (Whatman 1575).
can be used as a criterion to judge the penetration quality of the wax in the paper as
explained in the following section.
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2.3.7 Penetration quality on the back side.
The smoothness or uniformity of the intensity profiles along the strips is an important
criterion for judging the quality of wax penetration. Patchy penetration is detrimental for
making hydrophobic barriers as it might result in the variation of the flow channel width
and holes or blockages of the channels.
To quantify smoothness, we measured the autocorrelation of ink intensity along the
center line for each strip. The normalized autocorrelation R was defined as
m(∆n) = ∆o(n + ∆n) ∆o(n)/. B

f

,

where DI is the ink intensity minus the mean, s is the standard deviation of the ink intensity
values, x is the distance along the center line of the strip, and Dx is the separation between
two points (the lag). The angle brackets indicate an average over all values of x for a given

Figure 18. Averaged auto-correlation of intensity profile for different temperature
under 49 MPa for 1114 paper.
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Dx. R(Dx) is the average autocorrelation between two positions separated by the lag
distance Dx.
Figure 18 shows the autocorrelation of the intensity along the wax lines, on the back
side of the page. The magnitude of the auto-correlation was averaged for all strips on one
page, which we denote as m(∆n) . Here we show the results for the Whatman 114 paper
(retained particle size, Dr = 25 µm). The autocorrelation decays over a distance of
approximately 500 µm, which indicates a characteristic spot size. This distance is
comparable to the feature (spot) sizes seen in the images of Figure 8b. With increasing TD,
we find that R decreases less, which indicates that the lines maintain a high correlation of
the intensity over a long range. This indicates smoothness of the lines, which is again
consistent with the images of Figure 8b.
Figure 19 shows the magnitude of R at a fixed lag distance of 1600 µm as a measure of
the long-range smoothness. This value accounts for the decorrelation that occurs at short
range owing to the spots. Furthermore, the numerical value of R is not very sensitive to the
choice of range (Dx) near 1600 µm, so that it is a robust measure. The higher the magnitude
of R (1600 µm) was, the smoother the line was and the less visible the patches were. We
found that the correlations increased with TD and P (Figure 19d).
To determine the optimal temperature and pressure condition to make paper-based
devices, we used as metrics the front-side width, back-side width, back-side peak intensity,
and back-side auto-correlation magnitude (penetration quality). These parameters are
plotted in Figure 19.
Under the optimal condition, the wax penetrated thoroughly in the thickness direction
while minimizing the lateral spreading. The red dashed line at TD = 95 °C suggests the
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optimal condition for Whatman 93 paper (Dr = 10 µm) at 49 kPa. This condition was chosen
because the penetration quality (correlation) saturated at 0.8 (which we chose as the
threshold for good penetration). Under this condition, lateral spreading at the back and
front sides were reasonable. The black line suggests the optimal condition for Whatman
114 paper (Dr = 25 µm) at 49 kPa, as the penetration quality and the other three parameters
were similar to that of the Whatman 93 paper at its optimal TD. Based on our study,
Whatman 1575 (Dr = 2 µm) proved not to be good for making paper-based device. Its
lateral spreading exceeded that of Whatman 114 and was close to Whatman 93, while its
penetration quality was poorer.

2.4 Conclusion
Our results show that pressure and temperatures are the two predominant parameters
in controlling the ink flow. A new method to rapidly fabricate high resolution paper-based
diagnostic devices was presented, which optimizes the device quality using pressure and
temperature. A systematic study was conducted to investigate the wax flow in both vertical
and lateral directions. We have determined the optimal conditions of paper type (porosity),
temperature and pressure in making high resolution devices that are roll-to-roll
manufacturing compatible. For the filter papers that we investigated, we found that
Whatman 1575 (Dr = 2 µm, thickness = 140 µm) cannot achieve thorough wax penetration.
On the other hand, Whatman 114 (Dr = 25 µm, thickness = 190 µm) achieved thorough
penetration with minimum lateral spreading (205 µm on the front) with P = 49 kPa and
TD=110℃. Whatman 93(WM = 10µm, thickness = 145 µm) had optimal condition when P
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= 49 kPa and #q = 95℃. Under these conditions, measured correlations of the wax intensity
also indicated that the wax line was uniform.
More generally, we showed that the wax spreading can be modeled using Washburn’s
equation, which allowed us to explain the role of drum temperature. The role of pressure
is to shift the effective front temperature by compressing the paper sample. We also studied
how paper samples with different porosity and thickness will affect the spreading profile.
We demonstrated the capability of making high-resolution diagnostic devices in a
matter of seconds, which can lead to fast roller-to-roller manufacturing of devices. For
example, if one ran the device printed on Whatman 114 filter paper with the drum and
roller temperatures equal to 110℃ and 36 ℃ and pressure of 49 kPa under the drum speed
of 1 inch/s, we would expect full penetration of the wax through the paper, with smooth
wax profiles on the back side and hence a full barrier against solvent flow. At the same
time, the spreading at the front side is approximately 90 µm, which means that fullthickness lines could be printed with spacing as little as 180 µm. The analysis reported
here can be applied to different kinds of filter paper. Moreover, this analysis could be
applied to wax with different melting temperature.
The high resolution method enables us to fabricate finer structure on the device and
achieve higher density of test areas. It provides the potential to design and fabricate
microfluidic devices with more complex architecture. The latter helps in achieving higher
accuracy with less liquid needed. Furthermore, the roller-to-roller workflow makes it
compatible with mass manufacturing, which will greatly lower the cost.
The fabrication process we introduce focuses on single layer device. Recently, three
dimensional devices show great potential in terms of higher capacity of tests, fully
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capsulated channels, etc. In the next chapter, we will introduce a new rapid method that

Figure 19. (a) Averaged width at the front (b) Averaged width at the back (c) Peak
intensity at the back (d) Auto-correlation magnitude at the lag of 1600 µm for three
kinds of filter papers at 49 kPa. ■: Whatman 114, with retained particle size Dr= 25 µm,
thickness = 190 µm. ●: Whatman 93, Dr = 10 µm, thickness = 145 µm. ▲: Whatman
1575, Dr = 2 µm, thickness = 140 µm. The red/gray dashed line indicates the optimal
temperature for #93 paper. The black dashed line indicates the optimal temperature for
#114 paper. Both are optimal conditions for making paper-based devices.
fabricates adhesive-free three-dimensional devices which shares some common
characteristics as the method shown in this chapter.
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CHAPTER 3
WAX ADHESION UNDER CONTROLLED TEMPERATURE AND PRESSURE
AND APPLICATION IN FABRICATING THREE DIMENSIONAL PAPERBASED DIAGNOSTIC DEVICES
3.1 Introduction
A one-dimensional device has its limitations7,8.11: (1) Channels are completely exposed,
which makes the test zones easily contaminated and makes assays dry fast due to
evaporation. (2) The total test area is limited. Both channels and test zones need to be
squeezed onto the surface of the device. A three-dimensional (3D) device is developed by
stacking multiple 1D devices, so that channels are interconnected in the device. With more
test chambers per unit surface area, it allows us to design more complicated structures6,4.
Moreover, since 3D devices have vertical channels, a shorter travelling distance is required
so that testing time decreases. 3D devices can have arrays of testing zones, which can be
used to increase accuracy (averaging results from several test zones) and capacity. In a
common design, the device is made by stacking several layers of patterned single-layer
devices. The top layer is the liquid inlet and the test zones are on the bottom layers. All
channels are encapsulated within the device. The current common techniques for
fabricating multiple-layer devices are to glue several single layer devices together.
However, the adhesive glue can bring potential contamination to the chemical assays, also
it adds more manual steps to the manufacturing process, making it incompatible with largescale manufacturing.
Melting wax has long been used as adhesives, for example sealing envelopes in
medieval times. Its strong adhesive power can even be used as a bonding material between
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glass slides and between PMMA boards42. Wax as an industrial material has its unique
properties: It is inexpensive. The melting point of wax is around 95°C, which makes it
straightforward to process with slight heating. For our particular applications, wax is also
the building blocks of the hydrophobic barriers as mentioned in the previous chapter, so it
would be ideal if it can also serve the purpose as adhesive that bonds two layers of patterned
paper.
In this chapter, we discuss a new method to fabricate the multiple layer device by using
wax printing and making use of wax as adhesive. We conduct systematic experimental
study on how temperature and pressure affect the strength of adhesive and wax penetration
of the device. We also demonstrate biochemical test on the device to check its functionality.
Two patents are granted43,44 based on this work.
3.2 Experimental
3.2.1 Material and methods
The Whatman filter paper Grade 114 (thickness 190 µm, retained particle size Dr =
25 µm) was used. The rate of spreading of squalane (a nonpolar hydrocarbon oil), Xerox
wax ink, and water in this grade of paper was described in Chapter 2. A Xerox printer
(ColorQube 8860) was used to print black wax ink (Xerox solid ink 108R00749, same as
in Chapter 2) on the paper. The ink was made of a mixture of hydrophobic carbamates,
hydrocarbons and dyes. In order to provide sufficient amount of ink for penetration
through the full thickness of the paper, the printer was programmed by postscript
commands to overlay four layers of ink.
The fabricated device was tested using biochemical assays. The biochemical
reagents were prepared by Mandakini Kanungo, a research scientist at Xerox.
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The fabrication apparatus, which we call stack press in the context below, includes
an upper stainless steel plate, a lower stainless steel plate, a heater, an actuator which moves
pressure cells with adjustable loads, and a controller of the heater and the actuator. During
operation, the paper substrate that bears the layer of wax and a second paper substrate are
positioned between upper and lower plates. The plates are substantially flat and smooth in
the regions that engage the paper substrates to enable the plates to apply uniform
temperature and pressure to the substrates and the layer of wax. The heater which is

Figure 20. Schematic of the stacking procedure (a) The upper and lower plates are
disengaged, the substrates are attached to the upper plate (b) The upper and lower plates
are engaged with pressure applied. (c) During engaging, the wax spreads into substrates
(d) Repeat (a)(b)(c) to stack multiple substrates.
controlled by the electronic controller raises and stabilizes the temperature of the surface
of the lower plate ranging from 85°C to 113°C. Hereafter, we refer to the temperature of
the lower (bottom) plate at Tb. The upper plate is kept at a temperature that is close to the
ambient temperature (20°C to 25°C) when disengaged. The actuator is an
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electromechanical hydraulic device that moves the upper plate and together apply a
pressure, P (P = 3 MPa - 13 MPa) between the two plates when engaged.
A 3D device is fabricated by stacking substrates layer by layer. Figure 20 (a), (b),
(c) depict how to stack two substrates. The lower plate is heated and stabilized to a
designated temperature. Two substrates are registered and taped to the upper plate. The
upper substrate has no printed wax on it. The lower substrate has a layer of wax that has
been previously printed to define fluid channel walls and other hydrophobic structure. The
layer of wax faces upward. At the start of the pressing process, then the controller sends
signal to the actuator to engage the two plates and apply a certain pressure on it. It takes
about 3 seconds for the pressure to rise. The pressure is then held steady for a fixed time
duration (the dwell time), during which the wax is melted and penetrates into the two
substrates as depicted in Figure 20(c). After the dwell time, the plates separate, which takes
about 3 seconds for the pressure to drop to zero. The stacked substrates are allowed to cool
until the substrates and upper plate reach the ambient temperature (20 °C). The two
substrates are bonded by the wax. Below, we describe measurements of the adhesion
strength and the uniformity of the wax coverage.
The same process was used to bind a single layer of substrate to a larger stack of
substrates as depicted in Figure 20(d). For example, to form a stack of three substrates, the
two previously bonded substrates were placed between the upper plate and the additional
substrate. The substrates were registered and taped to the upper plate. The additional
substrate had a layer of wax facing up. Then the two metal plates were engaged under a
certain pressure and temperature of the lower plate for some dwell time as described in the
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previous paragraph. For multiple layers, the process was repeated by adding one new layer
each time.
After stacking, the back of substrates that originally bore wax were scanned using
high resolution scanner (Microtek ScanMaker 8900XL) at a resolution of 3200 dots per
inch (dpi). The pixels that were darker than the average original intensity were extracted.
We used the area fraction of dark pixels to characterize the penetration of the wax.
To measure the strength of the wax adhesion, we measured the magnitude of the
force required to separate two strips. For this purpose, a paper-wax-paper ‘sandwich’
layout was used. Prior to printing and pressing, the filter papers were cut into a rectangular
shape (each 0.5 × 4 inches). Half of the papers were printed (fully covered) with 4 layers
of wax ink. A wax-covered strip was paired with a plain strip. They were stacked under
various pressure and temperature conditions using the stack press machine, as shown in
Figure 21(a)-(c).
After cooling the samples to room temperature, the adhesive strengths were
measured on a 90° peel force tester, as shown in Figure 21(d)(e). The strip is fastened to
the horizontal platform using double adhesive tapes. The top substrate was slightly peeled
off by hand and attached to a vertical string. The string was pulled upward by a motor at a
constant speed. The other half was held on the horizontal moving stage by double adhesive
tapes. The horizontal stage moved at the same speed as the pulling string to makes sure the
peeling force was perpendicular to the plane of the strip. It was measured as the tension in
the string as a function of time. We denote the peel strength as S, which is calculated by
the peeling force divided by strip width (0.5 inches). Over the period of the whole
experiment (~ 20 s), the force curve ramped up, maintained a plateau with fluctuations
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about a steady value, then decayed when the two substrates were eventually peeled apart.
The middle range yields the most stable force measurement, therefore the data points
between 5 s – 15 s were used to calculate the mean peeling strength - and standard
deviation of peeling strength ./ .

Figure 21. (a)-(c) Schematic of the fabricating paper-wax-paper sandwich showing the
cross-sections of the printed wax strips. (e) Schematic of the adhesive strength
measurement using a 90° peel force tester.
3.3 Results and discussion
3.3.1

Pressure and temperature optimization

Figure 22 shows the peel strength, S, as a function of time t for three paper-wax-paper
sandwich samples that were fabricated using the same bottom-plate temperature (Tb = 105
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°C) and pressure (P = 6.48 MPa). Each of them was measured separately using the peel
force tester. The plot shows that the peel strength increased rapidly at first, then fluctuated
about a steady value for 2 < t < 16 s, and then decreased because the adhesion front
approached the end of the strip. The overall trends for the three measurements are very
similar, which indicates that the typical S and the fluctuations of S are well defined for
samples made with the same P and Tb.
We define an average peel strength - using the data obtained for 5 < t < 15 s. During
this time interval, the speed of the peeling was most stable and constant, which is necessary
so that there is a zero net force on the tape and the measured pulling force equals the force
applied by the wax. We also chose this same middle range to calculate the standard

Figure 22. Example of data from peel strength measurement. The paper-wax-paper
sample is made under Tb = 105°C, P = 6.48 MPa. Three samples are made under the same
conditions. The data from 5s – 15s are used to calculate the average -̅ and standard
deviation ./ of the peel strength for each sample.
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deviation of the peeling strength, which we call ./ . Both quantities are averaged over both
the 10-s period of time and over the three samples. - characterizes the magnitude of
adhesive strength, and ./ / - characterizes the uniformity of adhesive strength along the
strip.
Figure 23 shows a plot of measured - as a function of the bottom-plate temperature Tb
for three different values of P. At the lowest pressure, 3.24 MPa, the peel strength - grows
with #1 until 105 °C, then decreases sharply at higher #1 . For samples made under higher
pressure (P = 6.48 MPa, the temperature dependence follows a similar trend, but - at each
Tb is higher than that of lower pressure. For even higher pressure (P = 12.96 MPa), the peel

Figure 23. The average -̅ vs bottom plate temperature Tb under multiple pressure. The
error bar is calculated by standard deviation of peel strength, ./ .
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Figure 24. (a) The standard deviation ./ vs bottom plate temperature Tb under
multiple pressure. (b) The noise ./ / -̅ vs bottom plate temperature Tb under multiple
pressure.
strength is almost constant for Tb as large as 105 °C, then it drops at larger Tb. Comparing
to samples made at lower pressure of 6.48 MPa, - at 105 °C is lower. Extrapolating from
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the measured data, the temperature for peak peel strength is near 105 °C and the pressure
for peak peel strength is near 6.48 MPa.
As shown in Figure 24, for the lowest pressure of 3.24 MPa, ./ / - decreased with
increased temperature of the bottom plate #1 until 105 °C, then ./ / - increased for larger
#1 . The minimum relative noise was reached at 105 °C. For higher pressure, 6.48 MPa,
./ / - is smaller than the sample prepared at lower pressure, except the highest Tb. The
minimum ./ / - was reached at 110 oC. For the higher pressure, 12.96 MPa, ./ / decreased slightly with increasing Tb until 105 °C then rose sharply at larger Tb. The
minimum ./ / - was reached at 105 °C, after which ./ / - rose more sharply than in the
lower-pressure samples.
The backs of the substrates that originally bore wax were scanned after the stack-press
process. These images are shown in Figure 25. At low Tb, the paper remains white, which
indicates that the wax did not penetrate through the paper. At greater Tb, the paper showed

Figure 25. Scanned images of the back of substrates that originally bear wax after stack
press fabricated under various #1 and pressure.
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Figure 26. Area fraction of dark pixels. (a) Area fraction vs #1 under various pressures.
(b) -̅ vs. area fraction, showing the data for all pressures and #1 combining data from
(a) and from Fig. 23.
monotonically increasing penetration of the wax. In general, the wax penetrated in spots
rather than as a uniform layer. The figure also shows that, for a given value of Tb, there
was more penetration at larger P.
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Figure 26 shows the area fraction of the dark regions on the back sides of the
substrates, which characterizes the amount of wax penetration. For a given pressure, the
amount of wax that is visible from the back monotonically increased as #1 was raised. For
the same #1 , the amount of wax that is visible from the back monotonically increased as
pressure was increased, though the effect is very modest at the lower pressure.
3.4 Discussion
Based on the experimental result, we find the optimized Tb and pressure to achieve the
best adhesion while maintaining good penetration of wax. For Whatman 114 paper, the
optimal condition is Tb = 105 °C and P = 6.48 MPa. To justify this conclusion, we first
note that the adhesive strength - peaks at 105 °C and near 6.48 MPa. Second, the
penetration of wax through the lower paper increased monotonically with Tb and P. At 105
°C and 6.48 MPa, the wax partially penetrated to the back of the substrate and occupied an
area fraction of 0.33. Even though the sample prepared at 3.24 MPa had a smaller peak
strength, we still found that - reached its peak value at an area fraction near 0.3.
Empirically, this area fraction also provides enough penetration to make a device that is
not leaking, as shown in the next section.
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We propose that the bonding force is the strongest when there is a moderate amount of
wax between the two layers of paper as well as some penetration into both layers.
Intuitively, if the wax remains on the surface of one layer, there is little bonding force
between layers. However, if the wax entirely penetrates into the substrates with little
remaining between substrates, then the bonding force will also be poor. Referring to Figure

Figure 27. Temperature dependence of wax viscosity. The data is plotted as h-1/2 to
match the functional form of Washburn’s equation.
26(b), we can see that the adhesive force is the strongest when the area fraction of wax
visible from the back is around 33% for lower and medium pressure. For 12.96 MPa, the
adhesive force is high even at low area fraction and it peaks at 105°C with the area fraction
of 82%. At 110°C, the area fraction is around 97%, and the adhesive force is sharply
reduced. For Tb < 105 °C, smaller area fraction corresponds to smaller adhesive force. It’s
worth noting that at 12.96 MPa, the adhesive force is strong even at low area fraction and
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is nearly constant with area fraction all the way to 0.8. The reason could be that at high
pressure, the wax tends to flow into the second piece of paper, rather than through to the
back of the first piece of paper.
A second requirement, in addition to the adhesion, is that the wax penetrate at least half
of the paper thickness, so after stacking more layers, the hydrophobic barriers extend all
the way through the paper. In our experiments, the dwell time was set to 4 s. In fact, it can
be used as another tuning knob besides temperature and pressure, which can be explored
in the future.
As found in our earlier work (Chapter 2), the temperature dependence of wax spreading
width can be predicted using Washburn’s equation:
∆d =

'
((# ∗ )

∆d is the change of spreading width. C is a constant that may depend on P, # ∗ is the
temperature at the location of the wax, which should be between room temperature and Tb,
and ( is the viscosity of wax, as a function of effective temperature. The temperature
dependence of viscosity was obtained from a bulk rheology measurement obtained from
Xerox. The measurement was conducted with an oscillatory frequency of 1 Hz, as shown
in Figure 27. We argued that T* = Tt+a(Tb –Tt) by assuming the temperature gradient has
a linear profile between the top (t) and bottom (b) plates. However, since the dwell time is
10 times greater than that of the previous work, the top plate may also be heated to a certain
extent so that Tt cannot be assumed constant. We can only achieve T* between Tt and Tb
but by increasing the temperature of the bottom plate, we move T* closer to Tb.
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When the temperature is low, the wax is not melted and it barely penetrates into the
substrates. At larger temperature, the wax melts and penetrates into the paper on which it
is printed on as well as the paper next to it. Consequently, the adhesion strength increases.
However, if the wax is fully melted, and in the time period of heating and pressing, it is
entirely adsorbed by two layers of paper, the bonding between layers should drop. It is
likely that when Tb = 105 °C, the temperature at the position of the wax, T*, lies around
the melting temperature, approximately 95 °C (Figure 27). The adhesion strength drops
dramatically above this temperature.
Pressure also affects the adhesion and penetration of wax. It squeezes the paper (as
was reported in Chapter 2) and shortens the travel distance in the paper thickness direction.
Increasing pressure should therefore help the wax penetrate more deeply into substrates.
However, this penetration means that at high pressure, the amount of wax remaining in
between substrates decreases, which causes the adhesive force to drop, as shown in Figure
23 and Figure 26.
In summary, by tuning the pressure and temperature profile, we found a way to use
wax printing to accomplish both defined fluid pathways and adhesion between adjacent
layers. We interpret the optimized conditions as the ones where the wax only slightly
penetrates into the printed paper, leaving sufficient wax on the surface to adhere to the
adjacent paper.

3.5 Mechanism of biomedical tests
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Before reporting on the use of the wax printing method to make a 3D device, we summarize
the mechanism of the glucose assay. The glucose assay includes two steps: (1) Oxidation
of glucose to gluconic acid and hydrogen peroxide catalyzed by glucose oxidase (2)
Reduction of hydrogen peroxide and oxidation of iodide to iodine catalyzed by the enzyme

horseradish peroxidase (HRP). The color change from iodide to iodine (from colorless to
brown) confirms the presence of glucose.
The mechanism of the protein assay is based on nonspecific binding of tetrabromophenol
blue to proteins resulting in deprotonation of tetrabromophenol blue. This is indicated by
the shift of color from yellow to blue.

The reaction of triglyceride assay includes four steps: (1) Triglycerides are first converted
into glycerol and fatty acids. (2) Glycerol is converted using ATP to Glycerol phosphate.
(3) Glycerol phosphate is enzymatically oxidized to form hydrogen peroxide. (4) The
hydrogen peroxide is visibly detected by peroxidase using a chromogenic dye.
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3.6 Functionality demonstration
The design and layout of the 3D device are depicted in Figure 28. The device is
designed to split the test liquid (the analyte) into multiple test zones. The demonstration
device consists of 4 substrates. Each substrate has the dimension of 1.5 in × 1.5 in. The top
substrate is covered with impermeable wax except at a circular hole at the center, which

Figure 28. Schematic of the device layout. (Left) all four layers in the vertical order
of how they are assembled. (Right) Top view of the top and bottom layers.
serves as the inlet for the analyte. The bottom substrate has 16 test zones as outlets. The
two layers in between have fluid channels to split the flow from inlet into 16 test zones. In
fabricating the device, a sacrifice layer and the top layer is bonded first, then layer 2 is
added to the back of the top layer and bonded, after that the layer 3 is bonded to the back
of the layer 2, finally the bottom layer is added to the bundle and bonded. The temperature
of the bottom plate and the pressure are 105 °C and 6.48 MPa respectively for each step.
After bonding all five layers, the sacrifice layer is peeled off.
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A functional device should be able to handle multiplexing tests simultaneously without
crosstalk between test zones, and the results should be consistent. To test whether our
approach could meet these requirements, two separate reagents (for separately detecting
glucose and BSA protein) were deposited in alternating test zones and let dry. As a test, we
used the solution of glucose and BSA protein as the analyte, and inject it into the inlet. The
analyte contains 20 mM glucose and 50 µM protein which was prepared in a pH = 6 buffer
solution. 5 minutes after injecting the analyte, the reaction results were apparent in all 16
test zones as shown in Figure 29. Each test zone showed a clear color, indicating the result
of the test for glucose or BSA. The test zones with glucose assays show brownish color,

Figure 29. Demonstration of functionality. (Left) Schematic of a droplet of mixture of
test liquid is laid on the inlet of the device. (Right) The test results shown on the
bottom layer of the device.
while the test zones with protein assays show blueish color. The mechanism of the
biochemical reaction is described in the previous section.
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3.6 Summary
In this chapter, we described a method for fabricating 3D paper-based diagnostics
devices using wax as both the adhesive and the hydrophobic barrier that defines the flow
channels. The method avoids introducing additional materials that might be contaminate
the samples and would add cost to the process. The method can be readily incorporated
into a roll-to-roll process. A good device requires good adhesion between layers as well as
good wax penetration. We explored the optimal conditions for fabricating adhesive-free
3D paper based diagnostics devices that satisfy these requirements. We found that the wax
penetration improved monotonically with the temperature of the bottom plate (Tb) and with
pressure. The adhesion strength increased with Tb , saturated at Tb = 105 °C, then decreased
sharply at larger Tb, while the adhesion strength peaked at 6.48 MPa. For the Whatman 114
paper used here, an optimal condition for fabrication is Tb = 105 °C and pressure of 6.48
MPa.
The choice of Tb and pressure also depend on the paper thickness and pore size. The
detailed dependence needs more exploration, but we can extrapolate as follows: With the
same thickness but smaller pore size, higher Tb and pressure should be needed to achieve
the optimal condition. With the same pore size but greater thickness, higher Tb and pressure
should be needed to achieve the optimal condition.
The dwell time is also an important tuning knob that needs to be explored. For longer
dwell time, the wax can penetrate more into substrates. Therefore, smaller bottom
temperature and pressure are needed to achieve the optimal condition with longer dwell
time.
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3.7 Integrated system
In previous and current chapters, we introduce new methods for fabricating high
resolution paper-based diagnostic devices. In the following sections, we show the design
of a prototype device as well as the software systems that provide service around the device,
both are components of an end to end solution for biomedical tests.

3.7.1 End to end solution
The prototype end-to-end solution includes a paper sensor, a mobile application
and server side services. The paper sensor is designed to conduct multiplexed biomedical
tests with colorimetric results. After the test has been conducted, the mobile phone
application uses the camera on the mobile phone to capture the image of the paper sensor
and send it to server through http protocol to a server. The image then is processed by

Figure 30. The schematic of the prototype system.
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MATLAB programs running on the server. The extracted data is saved to MySQL database
and also sent back the client.

3.7.2

Device design

Based on the knowledge from previous chapters, we design a multiplexed biomedical
paper sensor. It consists of a blood plasma separation membrane layer, a structural forming
layer, both layers are sealed together through lamination. The structural forming layer is
made by the wax spreading method described previously. It has a plurality of axially
radiating test zones, each of which is defined by wax ink barrier walls and contains a unique
test reagent. The test zones are surrounded by a reference region that is printed with a
predetermined color for calibration purposes. Chemical reagents are deposited at
corresponding test zones and let dry. The plasma membrane is cut into the shape of the test
zones and laid to the back of the structural form layer. These two layers are sealed by two

Figure 31. The design of the prototype device and usage instructions
laminate layers. A circular opening is carved on the bottom laminate layer to work as the
liquid inlet.

60

The area of test zones makes at least 37.5% of the total device area. The liquid only
travels across one layer of membrane and one layer of filter paper to reach reagents. When
conducting test, a droplet of blood is placed on the inlet, the membrane filters out red blood
cells. The remaining blood plasma will diffuse to the test zones for further tests.

3.7.3 Image preprocessing
The chemical assay was developed to show different colors which reflect
concentration of the target chemical components. However, the intensity / color readout
depends on the ambient illumination condition, existence of shadow, etc. To obtain a robust

Figure 32. The image preprocessing algorithm that eliminates noise caused by
shadows in ambient illumination.
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readout of the intensity, we need to eliminate the arbitrary noise from environment. The
following image preprocessing algorithm was adopted: The original image was split into
red and green channels, and the intensity from individual channels were taken to calculate
the division of green intensity against red intensity. The ratio was used to compare with the
calibration color / intensity. Since natural light includes light with different wavelength,
the existence of shadow will decrease the intensity in both green and red channels. By
dividing intensity from both channels, the noise caused by un-uniform illumination was
cancelled out.

Figure 33. Snapshots of the mobile phone application on android platform
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3.7.4

Mobile phone application

A prototype android application was developed to demonstrate the functionality. It has the
following functions: (1) Store and verify personal information and test information. (2)
Capture image, pre-process including locating, cropping, de-skewing and upload to server.
(3) Data visualization. The app can auto-focus and take pictures automatically, in this way
it avoids vibration caused by pressing the shutter.
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CHAPTER 4
DIRECTING NANOPARTICLE ASSEMBLY ON LIQUID / LIQUID
INTERFACES BY TUNING INTERFACIAL ELECTROSTATIC POTENTIAL

4.1 Background
4.1.1

Adsorption energy and interfacial tension
The phenomenon that solid particles can reside at the interface of droplets and

bubbles, thereby providing them with resistance against coalescence or fusion, is known as
Pickering stabilization. It is well known that solid particles can spontaneous bind to the
interface. Spontaneous binding of solid particles to liquid / liquid interfaces requires that
the solid particle partially wets the interface. We can explain the equilibrium state of
particles adsorption as a free energy minimum in the energy landscape without considering
any kinetics or external forces using Pieranski model45. The interfacial energy is defined
as:

Figure 34. Schematic illustration (a) of a single particle settling on the water / oil
interface. (b) of the Interfacial energy well of the adsorbed particle.
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E = 5tu
Consider the process of letting a single particle approaching the interface, the interfacial
energy is a function of the immersion depth Z, as shown in Figure 34. R is the radius of the
spherical particle. 5v is the interfacial tension of the oil-water interface. 5w is the interfacial
tension of the particle-water interface, 5B is the interfacial tension of the particle-oil
interface.
The energy of the particle-water interface xw is
xw = 5w ∙ 2zmB (1 + {/m)
The energy of the particle-oil interface xB is
xB = 5B ∙ 2zmB (1 − {/m)
The energy of the missing the oil-water interface xv is
xv = −5v ∙ zmB (1 − ({/m)B )
The total energy is
E = xw + xB + xv
We denote {/m as }v , the total energy becomes
E = πmB 5v [}v B + 2

5w − 5B
5w + 5B
}v + 2
− 1]
5v
5v

The minimum energy is
EÅÇÉ = πmB 5v [−(

5w − 5B B
5w + 5B
) +2
− 1]
5v
5v

Which is reached at
}ÅÇÉ =

5B − 5w
5v
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Let }v = 1 IE − 1, the particle merely touches the interface. The interfacial energy is
x Ñ = πmB 5v ∙

UPÖ
PÜ

or πmB 5v ∙

UPN
PÜ

respectively.

When a particle get adsorbed to the interface, the adsorption energy is:
∆x = x Ñ − EÅÇÉ
= πmB 5v ∙

45w
5w − 5B
− πmB 5v −
5v
5v
= πmB 5v [1 +

B

+2

5w + 5B
−1
5v

5w − 5B B
]
5v

Using this model, the binding energy can be calculated by measuring 5w and 5B . However,
this approach proves not to be an accurate approach in calculating adsorption energy. For
some choice of 5w and 5B , the model predicts ∆x at the scale of 10á àâ # for R = 12ä,
where àâ # is the product of Boltzman’s constant multiplies the absolute temperature, T
=298K. The model assumes the particle-solvent interaction is continuum, which is not clear
for nanometer size particles. Finally, the model leaves out interactions from electrostatic
effects, which will be important in this chapter. A direct measurement of adsorption energy
is needed in resolving these debates.
Measuring the interfacial tension of a particle-coated interface can be used to find
the adsorption energy46. The effective tension γ of a liquid is the ratio of the change in
the energy of the liquid, and the change in the surface area of the liquid (that led to the
change in energy), which can be directly measured using pendant droplet method (See
next section).
The interfacial energy is
xe = 5R tu + ãS tu∆x
The effective interfacial tension is
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γ=

xe
çS
= 5R + ãS ∆x = 5R + ∆x
tu
tu

The adsorption energy can be expressed using γ:
tu
zmB
∆x = − 5R − γ
= − 5R − γ
çS
(
in which ( = çS zmB / tu, is the area fraction of particles at the interface.
4.1.2

Pendant droplet method
In equilibrium, the pressure difference is balanced with interfacial tension on the

surface of the droplet47, which is given by Young Laplace equation:
∆D = DÇÉé − Dèfé = .(

w
êÖ

+

w
êN

)

Where DÇÉé and Dèfé denote the internal and external pressure respectively, mw and mB
denote the principal radii of curvature, . denotes the interfacial tension.
The pressure difference at z from the reference plane along the vertical axis is given by
(Pascal’s law):
∆D } = ∆Dv ± ∆ãí}
For a pendant droplet the principal radii of the curvature at the vertex (lowest point of the
droplet) are mw = mB = m. Place the reference plane at this point, we obtain:
1 JìîΦ 2 ∆ãí}
+
= ±
mw
n
m
.
In which, mB =

f
SÇÉñ

.

Denote the arc length of the droplet shape as S, as shown in Figure 35, we have:
óñ SÇÉñ B ∆ôöõ
òb
O ±
óS
f
ê
ú
óf
òQRSñ
óS
óõ
òSÇÉñ
óS
f Sòv ò õ Sòv ò ñ Sòv òv
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The numerical fit of the parameters in this group of equations yields the interfacial
tension.

Figure 35. Schematic of the pendant droplet
4.1.3

Interfacial electrostatics

Interface between two immiscible liquids are charged due to various reasons. For example,
the water and nonpolar oil interface can be charged due to the adsorption of OH- ion to the
interface48. Another mechanism is the ion partitioning of electrolytes dissolved in both
liquids. For the ìéù ion species, the chemical potential in phase s is denoted as 2Ç J . It is
defined as the Gibbs free energy in moving a mole of such ions into phase s.
2Ç J = 2Çv + m#9îûÇ J + }Ç ü†° J .
Where †° J is the Galvani potential of the phase s, 2Çv is the standard chemical potential
at †° J = 0, and ai(s) is the chemical activity of this species in phase s
In equilibrium, the chemical potential of the ìéù ion species should be the same in both
water and oil:
R
£
Δ£
R †° = † § − † I = ΔR ††° Ç +
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m# ûÇ (I)
9î
}Ç ü ûÇ (§)

This is called the Nernst equation, in which R is the universal gas constant: 8.31 JK-1mol-1
and T is the temperature in Kelvins. F is the Faraday constant: 9.65×10U C molbw , and }Ç
is the number of electrons of the ìéù ion species.
R
We denote Δ£
R ¶Ç as the Gibbs energy of transfer for the ìéù ion species from aqueous phase
R
into the oil phase. The standard Galvani potential difference of ion transfer Δ£
R †° Ç is

defined by the following equation:
R
Δ£
R †° Ç =

R
Δ£
2Çv I − 2Çv §
R ¶Ç
=
}Ç ü
}Ç ü

The Gibbs energy of transfer for perchlorate ion (ClO4-) is 16 kJ/mol49 (6.4 kBT), which is
hydrophilic. The Gibbs energy of transfer for tetrabutylammonium ion (TBA-) is -16
kJ/mol (6.4 kBT), which is hydrophobic. Two ion species with different Gibbs energies of
transfer will partition unevenly in the two phases. However, to maintain the neutrality of
the whole solution, cations and ions have to assemble on both sides of the interface and
form an electric double layer.
Many models have been built to derive the electrostatic potential caused by the electric
double layer. Most of them are based on the Gouy-Chapman theory50. Gouy-Chapman
theory describes the ion distribution by the Poisson equation.
ßB †
ã(})
=
−
ß} B
®
where † is the electric potential, } is the distance from the interface, ® is the dielectric
constant, and ã(}) is the density of ions as a function of z.
Assuming the distribution of the charge density obeys the Boltzman distribution, the
equation can be rewritten as:
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ßB †
1
=
−
ß} B
®

HÇ © bè™ ´

õ /¨≠ j

Ç

where HÇ is the concentration of the ìéù ion in bulk, àâ is the Boltzman constant 1.38 JØ bw
and ©Ç is the number of electrons of the ìéù ion.
The Gouy-Chapman theory has shown limitations in explaining many experimental
systems51, since it models ions as point charges which are assumed to be highly mobile.
Many modifications have been done to tailor the Gouy-Chapman model to fit specific
problems51.
In this chapter, we cover experiments that use ion partitioning to tune to electrostatic
potential of the electric double layer which result in enhancing or suppressing the
adsorption of nanoparticles with specific charges. In Chapter 5, we will further explore the
ion partitioning technique, and show it can enhance plain anionic particles binding, which
do not bind spontaneously to the interface.
4.2 Materials and methods
One of the two immiscible electrolyte solvents is deionized water (18.2 MW•cm Millipore
water) with dielectric constant 80.10 at room temperature. For the organic phase we
experiment with dichloromethane (DCM) which has a dielectric constant of 8.93. We use
sodium perchlorate (NaClO4) as the electrolyte. The sodium ions have low solubility in
DCM but high solubility in water. The perchlorate ion has high solubility in both water and
DCM. We use Au-tetraethylene glycol trimethylammonium (a.k.a. Au-TTMA, 2nm gold
core, cationic, made by Ziwen Jiang working with Professor Vincent Rotello’s group at the
chemistry department of the University of Massachusetts Amherst) and citrate stabilized
Au nanoparticles with diameter ranging from 5nm to 30 nm from Sigma Aldrich (#741949,
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# 741957 and # 741973) in aqueous solution as probe particles. The Au-TTMA is cationic
in the aqueous phase while Au-citrate is anionic in the aqueous phase. They are uniformly
dispersed in the aqueous solution.

Figure 36. Dichloromethane

Figure 37. (a) Au-citrate nanoparticles (b) Au-TTMA particles

The interface is formed by a droplet of electrolyte aqueous solution surrounded by organic
solvent. The density of DCM is 1.33 g/cm3, which is heavier than water, therefore the
upward pendant droplet configuration is used to generate the DCM / water interface as
shown in Figure 38(b). A bulk suspension of nanoparticles is prepared at fixed
concentration (1 µM for Au-TTMA and 2×10-3µM for Au-Citrate). A small volume (2 mL)
of nanoparticles solution is taken from the bulk solution and injected in vials. Concentrated
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aqueous solution (1M) of NaClO4 is added to the vial by pipette until the concentration of
NaClO4 meets the requirement. We generate a series of samples with the same
concentration of nanoparticles while NaClO4 concentration ranges from 10-4 to 0.1 M.
A blunt needle (Hamilton 91026) is bent to U shape as shown in Figure 38(a) and
mounted to a syringe (Norm-Ject, Luer Slip) of capacity 1 ml. A quartz cuvette (Starna
Cells 3-G-20 7ml) is used as the liquid container.

Figure 38. (a) U shape bent blunt needle (b) Schematic of the upward pendant droplet
configuration

The syringe is used as is. The blunt needle and quartz cuvettes are washed by the
following procedure. They are put in a glass beaker filled with methanol and sonicated in
a benchtop bath sonicator for 10 minutes three times. Then the methanol is replaced with
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Millipore-filtered water and the sonication is repeated three times. After that the blunt
needle and cuvettes are flushed with Millipore-filtered water for 1 minute. They are dried
on an electric heater at around 60 oC.

Figure 39. Schematic of pendant drop tensiometer.
The cuvette is filled with dichloromethane to 4 mL, then it is positioned on the stage of the
pendant drop tensiometer. The syringe is mounted to the vertical moving track of the
pendant drop tensiometer. It is moved down until the needle is immersed in the
dichloromethane. A layer of Millipore-filtered water is added to the top of dichloromethane
to suppress the evaporation of the organic solvent. It is crucial that bubbles should be
completely pushed out from syringe, since the existence of bubble will cause the droplet to
recede during measurement. The lens of the camera is used to zoom in and out on the
droplet image. The image of droplet should be as large as possible to make best use of
every pixel. However, the droplet may deform during the experiment. In order to avoid the
loss of data recording, the initial image of the droplet should not bet set to occupy the whole
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screen. Empirically the droplet image should occupy 2/3 of the total area of the screen to
achieve the best accuracy. All parameters should be preset in the control software including
the type of solvent, temperature, calibrated interfacial tension of known liquids, etc. The
tensiometer captures the images of the droplet at 30 frames / second and fits the contour of
the droplet to calculate the interfacial tension.
4.3 Results

Figure 40. Interfacial tension of cationic nanoparticles (Au-TTMA 2 nm) with various
concentration of sodium perchlorate in the aqueous phase.

4.3.1 Cationic nanoparticles
We conduct two sets of control experiment: (1) Measure the interfacial tension
between dichloromethane and Millipore-filtered water. The result is 29.6 mN/m, as shown
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in Figure 40 (2) Measure the interfacial tension between dichloromethane and 0.01 M
sodium perchlorate solution. The result is around 29.4 mN/m as shown in Figure 40. The
interfacial tension for the two control experiment remain steady over 3 hours.
With no salt but with 1 µM Au-TTMA nanoparticles in the aqueous phase, the
interfacial tension drops to 28.8 mN/m, as shown in the brown curve in the Figure 40. For
the rest of the experiment, the concentration of Au-TTMA is fixed at 1 µM, while the

Figure 41. Snapshots of a droplet in dichloromethane over the period of experiment.
The solution inside the droplet is 0.01M sodium perchlorate and 12M Au-TTMA
2nm.
concentration of NaClO4 ranges from 10-4 M to 0.01 M. For the sample with 10-4 M
NaClO4, the interfacial tension is very close to that without salt added. In samples with
larger salt concentration, the interfacial tension was dramatically smaller and the change
of interfacial tension is fast at the beginning and then slows down. At the concentration of
0.01M, the interfacial tension decreases so much that the droplet snaps off the needle after
~2 hours.
The interfacial tension change shows divided trends before and after 100s as shown
in Figure 40. Figure 42 is a zoom-in on the early stage dynamics. Within the first 100s, if
the aqueous solution contains cationic nanoparticles, the interfacial tension decreases
monotonically over time. The rate of decrease, comparing to later stage dynamics, is much
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faster. A higher concentration of electrolyte corresponds to a faster rate of decrease of the
interfacial tension. Moreover, the interfacial tension reaches a reasonably steady value
after approx. 100 s and this plateau value is smaller when the NaClO4 concentration is
higher.

Figure 42. Early stage dynamics of the interfacial tension of cationic nanoparticles
(Au-TTMA 2nm) with various concentration of sodium perchlorate in the aqueous
phase.
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4.3.2 Anionic particles
The two sets of control experiment (without nanoparticles) are also used here for
comparison, as shown in Figure 43. The concentration of Au-citrate is fixed at 2×10-3 µM,
while the concentration of NaClO4 varies from 10-4 M to 0.01 M. For all experiment with
Au-citrate nanoparticles in the aqueous phase, the interfacial tension drops dramatically at
the beginning and then, surprisingly, bounces back. The long-term (104s) interfacial tension
is lower than the clean water-DCM interface (which is expected to be the initial value of
experiment). For 10-4 M NaClO4, the interfacial tension plummets most and the long term

Figure 43. Interfacial tension of anionic nanoparticles (Au-citrate, 10nm diameter)
with various concentration of sodium perchlorate in the aqueous phase.
interfacial tension is lowest. As the concentration of electrolyte increases, the long term
interfacial tension increases.
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The interfacial tension change shows divided trends before and after 100s as shown in
Figure 43. Figure 44 is a zoom-in on the early stage dynamics. For the dynamics within
the first 100s, if the aqueous solution contains anionic nanoparticles, the interfacial tension
decreases monotonically over time. After 100s, the interfacial tension increases, but at a
much slower rate. With higher concentration of electrolyte, the interfacial tension at early

Figure 44. Early stage dynamics of the interfacial tension of cationic nanoparticles
(Au-Citrate 10nm) with various concentration of sodium perchlorate in the aqueous
phase.
stage decreases at a slower rate and reaches a higher approximately-steady value.
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4.3.3 Comparing responses of anionic and cationic nanoparticles
The trends of interfacial tension for cationic and anionic nanoparticles are compared in
Figure 45. Both show divided dynamics before and after the same timescale: 100s, which
we call the turning point in the following context. For time < 100s, both monotonically
decrease in interfacial tension over time. The magnitude of decrease for anionic
nanoparticles is higher than that of cationic nanoparticles. We will return to this point
below. The long term (> 100s) response is, however, opposite. With higher concentration
of electrolyte, the interfacial tension of cationic nanoparticles decreases while that of the
anionic nanoparticles increases, which is characterized by the interfacial tension at 5000s

Figure 45. Comparison of interfacial tension with cationic or anionic nanoparticles in
the aqueous solution.
as shown in Figure 46. If zoomed in to the turning point at around 100s, it also shows
opposite trends as shown in Figure 47. The magnitude of interfacial tension for the cationic
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nanoparticles at the turning point decreases with increased concentration of electrolyte,
while the magnitude of interfacial tension of the anionic particles at the turning point
increases with increased concentration of electrolyte.

Figure 46. Comparison of the interfacial tension at the turning point for cationic and
anionic particles with different concentration of electrolyte.
We fit the long term relaxation exponentially. For cationic particles, we can fit use a
growing exponential function, 5 = 5v − H© é/∞ . The long term relaxation time τ=2900s for
NaClO4 concentration at 0.01M, τ=6400s for NaClO4 concentration at 0.001M. For anionic
particles, we can fit with exponential function that relaxes toward a steady state, 5 = 5≤ −
H© bé/∞ . The long term relaxation time τ =3610s for NaClO4 concentration at 0.01M,
τ=5400s for NaClO4 concentration at 0.001M. We do not have a good explanation of why
the long term relaxation is so slow. However, we can estimate a characteristic timescale
for an ion to hop over an energy barrier: 6 =

≥N
$

© ¥/µ≠ j , where U is the energy barrier, L is

the spatial width of the interfacial layer. For 0.01M NaClO4, we use the diffusion constant
2×10b∂ HäB /J, 52 the interfacial layer has length 2 nm, τ ≈ 3000s. The energy barrier π
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is approximately 12 Øâ #. However, it’s also possible that the concentration of ions near
the interface is very low which causes a long relaxation time.

Figure 47. Comparison of the interfacial tension at 5000s for cationic and anionic
particles with different concentration of electrolyte.
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4.3.4 Short time dynamics

Figure 48. (Upper) The interfacial tension vs time (Lower) ln ∫5 (6)-5ª68 ºΩ vs time
for Au-Citrate 10nm nanoparticles under various NaClO4 concentration.
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Figure 49. (Upper) The interfacial tension vs time (Lower) ln ∫5 (6)-5ª68 ºΩ vs time
for Au-TTMA 2nm nanoparticles under various NaClO4 concentration.
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The short time dynamics are modeled as an exponential decay of interfacial tension: 5 6 =
5 68 + H© bé/∞ . 68 is the time when the interfacial tension drops to the short time plateau,
which is chosen at t = 200s. æ is the characteristic decay time. 9î 5 6 − 5 68

is plotted

against t for both anionic and cationic nanoparticles. For anionic nanoparticles, the trend
of 9î 5 6 − 5 68
around 35s.

collapses well at the beginning (Fig 49), and the fitted decay time is

The decay rates for the four different concentrations of NaClO4 are

indistinguishable. For the cationic nanoparticles, the values of 9î 5 6 − 5 68

do not

overlap. The fitted decay times range from 78s for the highest concentration (0.01M) to
360s or more for the lowest concentrations. The decay times are shorter for the anionic
than for cationic, but this difference arises in large part from the much greater particle
concentration for the Au-cit, so that the timescales for Au-cit and Au-TTMA should not be
directly compared to one another.
It therefore appears that the cationic particles are sensitive to NaClO4 when the
concentration is above approximately 10-3M, whereas the anionic particles are insensitive
to the presence of NaClO4 in the range of 10-4 to 10-2 M. The observation of faster
adsorption of cationic particles with more NaClO4 is quite reasonable and consistent with
the proposed ion partitioning: the cationic particles are driven toward the interface by the
positive increase in interfacial potential. This same logic, however, would predict that the
anionic particles would have a longer decay time (slower adsorption) at higher NaClO4
concentration. It is therefore possible that the presence of the cationic or anionic particles
affects the short-term partitioning of the ions and the interfacial potential. This remains a
topic future of investigation.
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4.3.4 Alternate anions
Chloride ions have a different Gibbs energy of transfer in DCM from perchlorate ions. We
conduct experiments to investigate whether the interfacial tension response is consistent
by merely replacing the anion. We fixed the concentration of 10 nm Au-citrate
nanoparticles at 2×10-3 µM and varied the concentration of sodium chloride (instead of
sodium perchlorate) from 0.01 M to 1M. The response shows a clear two stage dynamics:
for time < 100s the interfacial tension decreases, while for the long term the interfacial
tension bounces back at a slower rate. The higher concentration of electrolyte corresponds

Figure 50. Interfacial tension of anionic nanoparticles (Au-citrate 10 nm) with various
concentration of sodium chloride in the aqueous phase.
to the higher long term interfacial tension. The overall trend is similar as using sodium
perchlorate for the electrolyte.
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As shown in Figure 51 we compare the interfacial tension trend for NaCl and NaClO4 with
the same concentration 0.01M. Both have the short term rapid decrease within the same

Figure 51. Interfacial tension measurement of anionic nanoparticles (Au-citrate
10nm) with 0.01M NaCl and 0.01M NaClO4
timescale. For 0.01M NaCl, the turning point interfacial tension is 21.2 mN/m, which is
lower than that of NaClO4 (21.9 mN/m). For the long term interfacial tension 10000s, the
NaCl curve reaches 23.1 mN/m, which is lower than that of NaClO4 (24.8 mN/m).
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4.3.5 Dependence on particle size
Preliminary experiments were conducted to investigate how the size of nanoparticles
affects their sensitivity to ions. We use Au-Citrate nanoparticles with sizes ranging from
5nm to 30nm and fix the concentration of nanoparticles (2×10-3 µM) and of sodium
perchlorate (0.01 M). For all experiments, the response of interfacial tension has a fast
decaying short range dynamics followed by a much slower longer-term dynamics. Larger

Figure 52. Interfacial tension of anionic nanoparticles (Au-citrate 10 nm) with various
sizes and fixed concentration of sodium perchlorate in the aqueous phase. The values
of the interfacial tension are off by a constant factor because these data were not
calibrated.
particles size corresponds to larger magnitude of decrease at early stage and lower
interfacial tension in the long term. The units of the interfacial tension is not calibrated in
this set of experiment because the needle diameter and type of solvent is not set properly
in the tensiometer software. However, all data are measured under the same set of
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parameters, so that the relative trends are reliable. The faster decay observed with the larger
particles will be discussed in the next section.
4.4 Discussion
The rapid drop of interfacial tension before the turning point (100s) indicates that the
nanoparticles both cationic and anionic are adsorbed to the interface. The rapid drop is
followed by a slow relaxation of interfacial tension. For cationic nanoparticles, the
relaxation is a growing exponential function that diverges over time, while for the anionic
nanoparticles, the relaxation is a damped exponential function that converges to
equilibrium over time.
To explain the phenomena, we propose the following model: the short term dynamics
is approximately diffusion limited (with some possible effects of electrostatic forces), the

Figure 53. Schematic of the ion partitioning on the water / dichloromethane interface.
:;.
9$ Denotes the Debye length in the aqueous phase.
long term dynamics is due to the electrostatic potential change of the interface. The latter
is caused by the selective partitioning of the electrolyte ions for the two phases.
The sodium ion has low solubility in the dichloromethane but high solubility in the
aqueous phase. The perchlorate ion has high solubility in both the dichloromethane and
water. The perchlorate ion partially partitions in the dichloromethane over time to increase
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the entropy. To maintain the neutrality of the solution, sodium ions assemble near the
interface at the aqueous phase as described by Poisson-Boltzmann theory. The sodium /
perchlorate ion dipoles across the interface enhance the electrostatic potential of the
interface and make it more negative approaching from the aqueous phase within the Debye
length. This explains why increasing the electrolyte concentration enhances the adsorption
of cationic nanoparticles and suppresses the adsorption of anionic nanoparticles.
The extent of ion partitioning is related to the Gibbs energy of transfer of the ion from
one phase to the other and the osmotic pressure of specific ions.

Increasing the

concentration of anions increases the osmotic pressure in the aqueous phase thus enhances
the transfer to the organic phase which results in forming a more negative electric bilayer.
The chloride ion has higher Gibbs energy of transfer than the perchlorate ion. Therefore,
in equilibrium the perchlorate ions can partition more into the organic phase for the same
concentration, which results in repelling more anionic nanoparticles and shows a higher
interfacial tension.
Assuming continuous dielectric medium, the Gibbs free energy of solvation of an ion
is estimated by the Born equation53. The Born self-energy can be written as:
ø=

èN

w

( −

B:¨≠ j ¿¡

w
¿¬

) Where a is the ionic radius, √R and √£ are the relative dielectric

constant in oil and water respectively. It indicates that larger ionic radius and higher
dielectric constant of solvent enhances adsorption of ions. The ionic radius is 240 pm for
'9ƒUb , 184 pm for '9 b and 116 pm for çûO .Therefore, øi≈∆«» <øi≈» <ø…: . For the same
ion, it has lower self-energy in DCE (√$iÀ = 10.3) than DCM (√$iÃ = 8.9).
The interfacial tension drops more quickly for larger particles. The rate of adsorption
is proportional to the number of density of particles and inversely proportional to the radius
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r because of the diffusion constant. The number of density (2×10-3 µM) and salt
concentration (0.01M) are fixed in this set of experiment. However, because the adsorption
energy of nanoparticles is proportional to ûB , overall the rate of change of adsorption
energy which is proportional to the interfacial tension is larger for larger particle sizes. This
explanation agrees with the data qualitatively. However, this explanation is approximate
because it omits the fact that the electrostatic forces should also depend on particle size.
The rapid drop of interfacial tension within the short timescale was previously observed
in the water / octafluoropentylacrylate system46, in which the whole process is diffusion
limited. The reason of the 100s being a characteristic time scale to divide short term and
long term dynamics is because it falls between diffusion-limited and the very slow
evolution.
The long timescale of the change of the interfacial tension at t > 400 s is surprising and,
to our knowledge, not reported earlier. The trend for cationic particles is for g to decrease,
while for anionic particles g increases; these are consistent with our electrostatic model.
For the anionic Au-citrate particles, we attribute this increase of g to a combination of
nanoparticle desorption from the interface and decrease of the binding energy per particle.
Since we did not monitor the number density of adsorbed particles, these two mechanisms
cannot be distinguished from one another. We attribute this gradual change of g a slow
migration of the ions across the interface. The timescale of this slow relaxation is shorter
when the concentration of NaClO4 is higher. As evidence, we note the long term relaxation
time τ=3610s for Au-Citrate with 0.01 M NaClO4, and is larger (τ=5400s) for 0.001M
NaClO4. Similarly, τ=-2900s for Au-TTMA with 0.01M NaClO4 and τ=-6400s for 0.001
M NaClO4. (The response times are negative because g is changing faster over time as the
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potential increases.) We propose that the gradually increasing number of ClO4- ions on the
DCM side of the interface would increase electrostatic repulsion of the cationic particles
and lower the binding energy per particle.
If the anionic nanoparticles desorb from the interface during the long-time change of
the ion distribution, then the experimental results would suggest that the ion partitioning is
slower than nanoparticle escape from the interface. That conclusion is surprising, as it
would imply that ion partitioning is subject to a higher energy barrier and/or slower
diffusion constants than nanoparticles. It therefore seems most likely to us that the particles
remain at the interface but the energy per particle slowly rises as the ions partition, because
of the electrostatic repulsion between ClO4- and the citrate ions. This needs to be more
carefully explored too.
For the cationic nanoparticles, the change of interfacial tension implies that the binding
energy increases or that more particles bind to the interface during the long-time change of
the ion distribution. The same mechanism discussed above can explain this result as well,
and the timescales again depend on salt concentration and are similar to the timescales for
Au-citrate.
However, one objection to this model was brought up by Professor Muthukumar of the
University of Massachusetts, Department of Polymer Science and Engineering. His
argument is that the TTMA ligand is partially hydrophobic (other than the cationic charge
at its terminus), which favors binding to the DCM-water interface for reasons other than
electrostatic forces. A higher concentration of salt could enhance the hydrophobic effect
and thus give the particles a higher binding energy at the oil-water interface. This
hydrophobic mechanism, however, does not account for the behavior of the anionic Au-cit
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particles, so that the ion-partitioning model still seems to us to be at least part of the
explanation. To remove the effects of hydrophobicity, the use of purely hydrophilic
particles as probes will be described in the next chapter.

4.5 Summary
In this chapter, we demonstrated that electrolytes that can partially partition in both
immiscible liquids can be used to tune the binding of charged nanoparticles and the
interfacial tension of the particle-decorated interfaces. In the water / dichloromethane
system, increasing the concentration of sodium perchlorate enhances the binding of
cationic nanoparticles but suppress the binding of anionic nanoparticles. For 0.01M
NaClO4, the droplet adsorbs so many Au-TTMA particles that it snap off the needle after
6000s. At 0.0001M NaClO4, the Au-Citrate system’s interfacial tension converges to 22.6
mN/m after 104s. With 0.01M and 0.0001M NaClO4, so many Au-Citrate particles are
repelled from the interface that the interfacial tension increases to 24.9 mN/m after 104 s.
The dynamics shows interesting fine structures that it can be split into two stages: < 100s,
rapid adsorption of nanoparticles (no matter cationic or anionic), > 100s a slower relaxation
where cationic particles and anionic particles behave oppositely. We propose a model the
explain the phenomena: the early stage dynamics is approximately diffusion limited with
some ion-related enhancement for the cationic particles, while the long term dynamics is
caused by the ion partitioning of the anions in the organic phase. The very slow rate of ion
exchange remains puzzling.
The experimental results show that sodium perchlorate has distinct effect on systems
with Au-Citrate and Au-TTMA particles. The result aligns with our model that the
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partitioning of perchlorate ions can tune the electrostatic potential of the interface, which
result in enhancing the adsorption of cationic particles while suppressing the adsorption of
anionic particles. These effects may be much more broadly relevant in systems where the
nonpolar phase has a relatively high dielectric constant similar to DCM, and may lead to
new ways to tune the stability of Pickering emulsions.
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CHAPTER 5
DIRECTING ASSEMBLY OF PLAIN SILICA PARTICLES ON LIQUID /
LIQUID INTERFACES: TUNING INTERFACIAL ELECTROSTATIC
POTENTIAL BY ION PARTITIONING
5.1 Introduction
In the Chapter 4, we demonstrated that by addition of electrolyte containing ions that
partition preferably in one liquid phase rather than another, we can enhance or suppress the
binding of charged nanoparticles from the aqueous phase. The particles are charged due to
the dissociation of ions from the ligands or chemical group on their surface. We explained
the phenomenon using an ion partitioning model. To further verify the proposed ion
partitioning model, we need to rule out other interactions, especially hydrophobic
interactions, between ligand and the oil phase. In this chapter, we use plain silica spheres,
which are anionic and hydrophilic in the aqueous phase and do not spontaneously bindto
the water / oil interface.
Researchers in industry and academia have long been searching for cheap and
effective routes to make fluid-bicontinuous gels (also known as Bijels,21, 54) using colloidal
jamming. Cui, et al. dispersed carboxylate-modified polystyrene (PS) nanoparticles in
water and amine end-capped polymers in oil, then used an external electric field to deform
the water droplet. The increased interfacial area adsorbed more nanoparticles. Upon
releasing the field, the interfacial area decreases, jamming the nanoparticle surfactants and
arresting further shape change55. Work by Herzig, et al. suggests using silica colloids with
carefully tuned surface chemistry to form Bijel out of 2,6-lutidine and water mixtures5b.
This method relies on engineering the surface of nanoparticles to make them slightly
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hydrophobic. A generic method that can enhance the binding strength of hydrophilic and
anionic particles and enhance the rate of adsorption without surface treatment is important
for applications where large quantities of material are needed.
In this chapter, we demonstrate a route to enhance the binding of plain silica spheres to the
water / oil interface by addition of electrolyte tetrabutylammonium perchlorate (TBAP) in
the oil phase. We use particles with various sizes (nanometer, micron and millimeter) and
prove the validity of the method. We show under certain concentrations of the TBAP, very
stable Pickering emulsions (i.e., particle-stabilized) can be generated. In addition, by
adding NaClO4 in the aqueous phase (with TBAP in the oil phase) we demonstrate
reversibility of forming emulsions: the added salt causes the emulsion to break up. We
visualize the emulsion droplet stabilized by micron size silica colloidal under microscope,
which provides direct evidence of the binding of particles. Finally we measure the contact
angle between millimeter size glass sphere and the oil on the water / oil interface.
Robby Bancroft and Sam Teale, students at the University of Manchester, spent the 20152016 academic year at the University of Massachusetts Amherst. They carried out many of
the emulsion stability measurements under the directions of Wei Hong and Prof. Dinsmore.
The contact angle measurement were done in collaboration with graduate student Wei He.
5.2 Experimental
5.2.1

Material and methods

We used two immiscible liquid to form interface. One of them is deionized water (18.2
MW•cm Millipore filtered water), the other is 1,2-dichloroethane (DCE) or
dichloromethane (DCM). DCE has a dielectric constant equal to 10.3, which is higher than
that of DCM, which has a dielectric constant of 8.93. Tetrabutylammonium perchlorate
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(TBAP), which is highly soluble in DCE, is used to form the organic electrolyte phase. We

Figure 54. Tetrabutylammonium Perchlorate (TBAP)
use plain silica spheres with various diameters (18 nm, 1.4µm, 3.175 mm) as probe
particles. The 18 nm silica spheres (Ludox AS30), which we call AS30 in the context
below, have zeta potential -26 mV56 in the aqueous phase. The 1.4-µm-diameter silica
spheres (Sekisui Chemical, Micropearl 1001254), which we call micron particle in the
following context, were received as a dry powder. The 3.175-mm-diameter borosilicate
glass spheres, which we call glass spheres, is manufactured by the Winsted Precision Ball
Company and purchased from McMaster-Carr (cat. no. 8996K22). It is cleaned by the
following procedure: the sphere is immersed in concentrated sulfuric acid with NoChromix® solution for 12 hours and then washed with Millipore-filtered water 12 times.
Solutions of TBAP in DCE solution are prepared at certain mole concentrations. DCE is
highly volatile and difficult to transfer using pipettes; only glass should be used, not plastic.
To obtain accurate concentration of TBAP in DCE, the solution is left on the scale and
DCE is allowed to evaporate until the weight decreases to the desired value.
Each oil-water sample is prepared by adding 2 mL aqueous suspension of particles
and 2 mL of DCE+TBAP solution. The vial is vortexed for 3 minutes to generate
emulsions. The images are taken after the samples are allowed to settle for 45 minutes.
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5.3 Results
5.3.1

Emulsification by silica nanoparticles

Figure 55. (a) DCE / Water mixture (b) 0.1M TBAP in DCE / Water (c) 0.1 M TBAP
in DCE / 30 wt% AS30 aqueous solution. Each mixture is vortexed for 3 minutes and
then allowed to settle for 45 minutes.
The DCE / deionized water mixture is vortexed for 3 minutes and let settle. The organic
phase and aqueous phase separates. Similarly, 2 mL 0.1 M TBAP in DCE solution and 2
mL deionized water are mixed and vortexed, the mixture shows phase separation after
being allowed to settle. 2 mL 0.1 M TBAP in DCE solution is mixed with 2 ml 30 wt%
AS30 aqueous solution. The mixture is vortexed and allowed to settle. The organic phase
shows opaque emulsions with various sizes. The emulsion is stable for months.
To test how the concentration of TBAP affects the stability of emulsion, we
prepared samples consisting of 2 mL 30 wt% AS30 aqueous solution and 2 ml TBAP in
DCE solution of concentration ranging from 0 to 5×10bc M. The first round of experiment
scans the concentration in coarse granularity, as shown in Figure 56 (a). For sample with
only AS30 solution and deionized water, there is no visible emulsion found. The
supernatant is blueish, which indicates that there are plenty of nanoparticles in the bulk
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solution which scatter the light. For the sample with 1×10bU M TBAP in DCE, some large
droplets are visible on the interface. For the sample with 1×10bc M and higher TBAP in
DCE, the organic phase becomes opaque because of small droplets that are individually
invisible to the naked eye. To determine the critical concentration that makes stable
emulsion, we zoom in the concentration between 1×10bU and 1×10bc M. At 2×10bU M,
small droplets of emulsion are visible, but the majority of water and DCE are phase
separated. At 3×10bU M, the organic phase is occupied by small oil-in-water droplets. The
critical concentration is between 2×10bU and 3×10bU M.
If DCE is replaced by DCM, it shows similar trend. At low concentration of TBAP,
majority of the liquids phase separate. At high concentration of TBAP, oil-in-water

Figure 56. Ability to form emulsion under various concentration of TBAP in DCE. (a)
Samples with coarse granularity of the TBAP in DCE concentration. (b) Samples with
TBAP concentration in between 1×10-U and 1×10-c M.
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emulsion appear at the bottom half. The critical concentration of TBAP for forming
emulsions in DCM needs to be further studied. In general, for the same concentration of
TBAP, the emulsion is more intense with DCE than DCM. Therefore, we focus on
experiment with DCE in the following sections.

5.3.2

Reversibility of emulsification

In the previous chapter, we show that partitioning perchlorate ions in the aqueous phase
makes the interface repel anionic particles. In the previous section, we show that TBAP in

Figure 57. Images of emulsification of DCE in water by AS30 with added of TBAP
and sodium perchlorate.
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DCE favors the formation of emulsions using anionic silica particles. In this section, we
show that the coexistence of TBAP and sodium perchlorate can make the emulsification
reversible.
The sodium perchlorate is added in the AS30 aqueous solution then mixed with a solution
of TBAP in DCE. With increased concentration of sodium perchlorate, a higher
concentration of TBAP is needed to form dense emulsion. With low concentration of
sodium perchlorate (1×10bc M), a dense emulsion can be found with concentration of
TBAP in DCE equal and higher than 2×10bU M, which is comparable to the threshold

Figure 58. Phase diagram for forming dense emulsion under various concentration of
Sodium Perchlorate in water and TBAP in DCE. Each data point represents a sample
made in the laboratory. The red dashed curve is a guide to the eye, separating regions
of stable (or metastable) and unstable emulsions.
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TBAP concentration reported in the previous section, where no NaClO4 was added. With
0.1 M sodium perchlorate in the aqueous phase, a dense emulsion cannot be found for
concentration of TBAP in DCE ranging from 1×10bU M to 0.1 M. A phase diagram is
constructed based on Figure 57, which is shown in Figure 58.
Furthermore, the emulsification is reversed by adjusting the concentration of
sodium perchlorate. For a sample that contains dense emulsion (e.g. 1×10bc M TBAP in
DCE and 2×10bc M NaClO4 in water), increasing the concentration of NaClO4 (e.g.
0.2M) by adding dense NaClO4 solution to the aqueous phase and vortexing it for 3 minutes
made the emulsion coalesce and separate again into two macroscopic phases.
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5.3.3

Emulsification by micron size silica particles

Figure 59. Microscopic image of silica sphere encapsulated DCE droplet in Water.
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In the last section, we show that increasing concentration of TBAP in DCE can create
emulsion of DCE in water through AS30. However, AS30 has diameter of 18 nm, which
makes it hard to visualize the fine structure on the droplet surfaces under optical
microscope. In this section, we use micron size silica spheres to replace AS30. With 1M
TBAP in DCE, micron size silica spheres can also generate emulsion out of DCE and water

Figure 60. Time sequence of the collapse of a silica sphere encapsulated DCE droplet
in water due to evaporation of DCE.
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mixture. Droplets are extracted from the solution and laid on the glass slides. The droplets
are observed under inverted optical microscope as shown in Figure 59.
The droplets have size ranging from 10 micron to 100 micron. The inverted microscope
allows to see the bottom of individual droplet. Close packed silica sphere patches are
visible.
DCE is highly volatile and evaporates rapidly as the droplet rests on the glass slides.
Figure 60 demonstrates the time sequence of the collapse a DCE droplet while DCE
evaporates. Initially a dense assembly of silica spheres is spotted around the DCE droplet.
As DCE evaporates, the size of droplet core shrinks, while the size of the particle crust
remains unchanged. After 4s, the collapse happens: silica particles start to diffuse away
from the crust and eventually all silica spheres diffuse into the bulk. No permanent
aggregation of silica spheres are found after the droplet collapse.
5.3.4

Contact angle measurement with millimeter size glass spheres

In the previous sections, we show that by adding TBAP in the DCE, the interface can attract
anionic silica spheres from the aqueous phase. In the section, we use glass spheres with
millimeter diameter as probes to test the affinity of DCE solution to the glass sphere due
to addition of a solution of TBAP in DCE. Because the sphere is relatively large, we can
measure the shape of the DCE-water interface and obtain new insight into the adsorption.
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A glass sphere with diameter 3.175 mm is attached to a cantilever using UV glue and
cured for 2 hours. The glass sphere is cleaned using the procedure described in section
5.2.1. The cantilever then is mounted to a stage that can move the glass sphere upward and
downward vertically. 2 mL TBAP in DCE solution is added to a cuvettes, then 2 mL water
is added on top. A DSLR camera is set to acquire images of the glass sphere interacting
with interface. The glass sphere is pushed into water and touch the interface, then the glass

Figure 61. Contact angle measurement of millimeter size glass spheres on the water /
DCE interface (a) no TBAP in DCE (b) 0.05 M TBAP in DCE. Contact angles are
measured here in the oil phase.
sphere is moved upward. For every 1 millimeter, the movement is paused and an images
are acquired. The receding angle of the water / DCE interface right before droplet detach
from the aqueous phase is measured using ImageJ. Note that the angle is defined within
the oil phase. With no TBAP present in DCE, the receding angle is measured as 84°. With
0.05 M TBAP in DCE, the receding angle is measured as 50°. The smaller the contact angle
(measured through the oil phase) means higher affinity of the DCE solution to the surface
of glass sphere. For a microscopic sphere having the same surface characteristics, the
contact angle measurements show that the sphere should sit deeper into the oil phase when
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TBAP is added. Surprisingly, this experiment showed a finite contact angle in the absence
of TBAP, which indicates a non-zero binding energy, whereas the experiments with microparticles and AS-30 nanoparticles suggest that particles do not bind at the interface. It may
be that the micro- and nanoparticles do bind in the absence of TBAP, but too weakly to
stabilize the emulsions, or the difference in behavior might arise from the different surface
chemistry of the borosilicate glass compared to silica.
The adsorption energy can be calculated based on Pieranski’s model:
∆x = zmB 5(1 − cos (z − K))B
In which R is the radius of the sphere, 5 is the water / oil interfacial tension, K is the contact
angle as measured in Figure 61.

∆À v.v∂Ã jâ–L
∆À ÉR jâ–L

=

(wb—Z“ (wcv°))N
(wb—Z“ (‘á°))N

= 2.2 . For the glass

sphere, the adsorption energy increased by a factor of 2.2 due to addition of TBAP.

5.4 Discussion
The ion partitioning model proposed in Chapter 4 is used here to explain the experimental
results reported in this chapter. In the case of the silica and glass spheres, however, the
interpretation of the data is clearer because the particle surfaces are free of organic or high-

Figure 62. Schematic of the ion partitioning on the water / dichloromethane interface.
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molecular-weight ligands whose conformations may change and complicate the
interpretation.
TBA ion has high solubility in DCE and very low solubility in water. The perchlorate
ion has high solubility in both the DCE and water. Therefore, the perchlorate ions, which
are initially in the DCE, will partially partition into the water over time owing to the very
low chemical potential there (because of the low initial concentration). The excess anions
in the water attract cations in the oil, so that some of the TBA ions accumulate in the DCE
near the interface with the aqueous phase. The distance scale over which the ions are
enriched is the Debye length, in accord with the usual Poisson-Boltzmann theory of
electrostatics in solution50. The sodium / perchlorate ions makes the interface have a net
positive charge and electric field for a particle approaching from the aqueous phase within
the Debye length as shown in Figure 62.
The repartition of the perchlorate ions and the resulting electric field normal to the
interface explain why increasing the TBAP concentration enhances the adsorption of
anionic silica spheres. In the previous chapter, we show that the water / DCM interface
favors the adsorption of Au-TTMA cationic particles. The TTMA surface ligands contain
hydrophobic regions, however, which also may favor binding to the interface. However,

Figure 63. Schematic of the ion partitioning on the water / dichloromethane interface
with both Sodium Perchlorate and TBAP.
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by experimenting with plain silica spheres without hydrophobic molecular groups, we
show that the electrostatic potential induced by adding electrolyte is dominant in particles
adsorption.
The model is further verified by the experiment of adding both sodium perchlorate and
TBAP. By adding sodium perchlorate into the aqueous phase, the perchlorate ion diffuse
more into the DCE phase due to higher osmotic pressure, which pushes the interface to
neutrality. Hence the adsorption of anionic spheres is suppressed. The macroscopic result
is that the Pickering emulsion becomes unstable. In our experiment, the reversing of the
Pickering emulsion happens after shaking the sample by vortex. In future work, it would
be interesting to explore whether the Pickering emulsion will break up without mechanical
perturbation, which would imply spontaneous desorption of particles from the interfaces.
The experiments showed that the concentration of TBAP in DCE must be at least
2×10-4 M in order to obtain stable emulsions. The cross-over from unstable to stable
emulsions is quite sharp. While the qualitative trend is explained by our model, we do not
have a quantitative justification of the cross-over TBAP concentration. Such a model would
be very helpful in generalizing this method for other liquids and other particles.

5.5 Conclusion
In this chapter, we further verify the ion partitioning model proposed in Chapter 4 by using
anionic plain silica particles. We add TBAP in DCE solution to construct an interface that
is has a positive potential on the aqueous phase. The interface can attract anionic plain
silica spheres. The adsorption is sufficiently strong that Pickering emulsions can be formed
108

under certain concentration of TBAP in DCE and AS30 silica spheres. Furthermore, the
emulsification can be reversed by adding sodium perchlorate in to the aqueous phase,
which tends to compete with the TBAP effect and reduce the potential at the interface.
The system is also tested using micron size particles. Individual DCE droplet
encapsulated by silica spheres are visualized under optical microscope. Dense particles
arrays are visible on the surface of the droplet. The assembly is reversible since particles
diffuse back into bulk without aggregation after the trapped DCE evaporates. We also use
millimeter size glass spheres to probe the interface and measure the contact angle. The
contact angle measurement shows that the interface after adding TBAP in the DCE phase
is more attractive to the glass surface, and the binding energy increased by a factor of 2.2.
These results are important for at least two reasons. First, they show that anionic
or cationic particles can be made to bind at interfaces or can be prevented from binding by
addition of salt, without alteration of the surface chemistry of the particles. This approach
may lead to ways to obtain very rapid and dense coating of interfaces, driven by the electric
field caused by the partitioning ions. Rapid interfacial assembly opens the door to trapping
oil-water interfaces in custom-designed shapes, which might then be held in place by the
rigid and strongly-bound particles at the interface. Previously, Cui, et al. showed that rapid
interfacial assembly of particles allows droplets to hold arbitrary shapes55 by simultaneous
assembly of cationic functionalized polymer from the oil and anionic particles from the
water side. The results in this chapter may lead to a similar result using simple salts, where
in this case the binding is also reversible by addition of another salt species.
Finally, these results show how inorganic metal-oxide particles can be used to make
Pickering emulsions without first having surface treatment. In the absence of the ion
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partitioning, these particles (silica, and potentially clays and other mineral particles) are
generally anionic and very hydrophilic, so that they do not bind at interfaces unless the
particle surface is first modified to make it slightly hydrophobic or cationic. Using TBAP,
we found that the non-functionalized particles can be driven to the interface, which opens
the door to use of these plentiful and inexpensive materials in making Pickering emulsions.
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CHAPTER 6
CONCLUSION
6.1 Summary
In summary, this thesis studied interfacial driven dynamics and assembly. Our
research systematically studied wax spreading in paper under controlled pressure and
temperature, the learned physics leads to fabricating high resolution paper based
diagnostics. We also studied wax adhesion between papers under controlled temperature
and pressure, and used the insights to fabricate adhesive free multiple layer paper based
diagnostic devices. Moreover, our research demonstrated that the water / oil interfacial
electrostatics can be tuned by addition of electrolytes, which can enhance or oppress
charged nanoparticles assembly. We propose an ion partitioning model to explain the
phenomena. Finally, we further studied the ion partitioning techniques in plain silica
particles assembly to the oil / water interface, the findings opens a new door to use plentiful
and inexpensive anionic colloidal in making Pickering emulsions.
To summarize the results of thesis in more detail, Chapter 2 covered the wax
spreading in paper under various temperature and pressure. We find the temperature
dependence can be explained by the Washburn’s equation, however the pressure is not
playing a Washburn-like role. It compresses the paper and change the effective temperature
of the wax. We find the optimal condition in fabricating single layer paper based diagnostic
devices is P = 49 kPa and TD=110℃ for Whatman 114 (Dr = 25 µm, thickness = 190 µm)
paper, which achieves thorough penetration with minimum lateral spreading (205 µm on
the front). Whatman 93(WM = 10µm, thickness = 145 µm) has optimal condition when P
= 49 kPa and #q = 95℃. In Chapter 3, we demonstrated that wax can be used adhesion
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between papers. We found that the wax penetration improved monotonically with the
temperature of the bottom plate (Tb) and with pressure. The adhesion strength increased
with Tb , saturated at Tb = 105 °C, then decreased sharply at larger Tb, while the adhesion
strength peaked at 6.48 MPa. For the Whatman 114 paper used here, an optimal condition
for fabrication is Tb = 105 °C and pressure of 6.48 MPa. We fabricated a prototype adhesive
free four-layer device, on which we successfully conducted multiple biomedical tests. We
also demonstrated an integrated system that consists of a multiplexed paper based
diagnostic device, a mobile phone application and image processing algorithms on the
server side. In Chapter 4, we demonstrated that electrolytes that can partially partition in
both immiscible liquid can be used to tune the binding of charged nanoparticles and the
interfacial tension of the particle-decorated interfaces. In the water / dichloromethane
system, increasing the concentration of sodium perchlorate enhances the binding of
cationic nanoparticles but suppress the binding of anionic nanoparticles. The dynamics
shows interesting fine structures that it can be split into two stages: < 100s, rapid adsorption
of nanoparticles (no matter cationic or anionic), > 100s a slower relaxation where cationic
particles and anionic particles behaves oppositely. We propose a model the explain the
phenomena: the early stage dynamics is approximately diffusion limited, while the long
term dynamics is caused by the ion partitioning of the anions in the organic phase. In
Chapter 5, we further verified the ion partitioning model proposed in Chapter 4 by using
anionic plain silica particles. We added TBAP in DCE solution to construct an interface
that is positively charged seen from the aqueous phase. The interface can attract anionic
plain silica spheres. The adsorption is sufficiently strong that Pickering emulsions can be
formed under certain concentration of TBAP in DCE and AS30 silica spheres.
112

Furthermore, the emulsification can be reversed by adding sodium perchlorate in to the
aqueous phase, which tends to reduce the charge at the interface. The system is also tested
using micron size particles. Individual DCE droplet encapsulated by silica spheres are
visualized under optical microscope. Dense particles arrays are visible on the surface of
the droplet. The assembly is reversible since particles diffuse back into bulk without
aggregation after the trapped DCE evaporates. We also used millimeter size glass spheres
to probe the interface and measure the contact angle. The contact angle measurement shows
that the interface after adding TBAP in the DCE phase is more attractive to the glass
surface.

6.2 Future work
There are many questions that remained unanswered. For the wax spreading project, it
would be useful to validate our conclusions in porous media with other, non-fibrous
geometry. For the wax adhesion project, dwell time and paper thickness are the extra tuning
knobs that should be explored.
For the oil-water interface project of Chapter 4, the slow ion partitioning is still
puzzling. Some hypothesis have been brought up, for example, the ion concentration near
the interface might be very low, which lower the rate of ions diffusing across the interface.
Experiment like small angle x ray scattering might be able to determine the ion distribution
near the interface over time51. It would also be useful to measure the interface potential
directly as a function of time and of salt concentration.
The particle-particle interaction is also interesting. Studies show that there is long
range repulsive force between particles on the interface due to the reason that charges are
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not screened at the oil side57. Since our system have ions dissolves at both sides of the
interface, the interaction between particles can in principle be tuned.
We only explored limited kinds of electrolytes and organic solvents in this thesis.
Many more interesting phenomena can be found if we can explore different kinds of
electrolytes / organic solvents pairs. If we knew what parameters are important for this
phenomenon, we might be able to find a good pair that can achieve rapid binding of
particles.
Another interesting topic is using cheap and inexpensive materials like clay to form
Pickering emulsion. These materials are hydrophilic and negatively charged in aqueous
phase, which make them not in favor of binding to the interface. However, our ion
partitioning technique might be able to help these materials adsorb to the interface. We can
also use rod-like particles to form Pickering emulsion. Comparing to spherical particles,
rod-like particles are more rigid when jammed. If we can use ion partitioning to rapidly
adsorb rod-like particles to the interface, they may jam and form some new frustrated
structures.
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